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Abstract 
 
In the first part of this thesis the principles of capillary electrophoresis (CE) are presented from the 
aspects of steroid and sterol analysis focusing mainly on two separation techniques: micellar 
electrokinetic chromatography (MEKC) and capillary electrochromatography (CEC). Analytes are 
delineated in steroids, corticosteroids, phytosterols, and cholesterol. Conventional chromatographic 
methods: gas chromatography (GC) and high-pressure liquid chromatography (HPLC) are somewhat 
challenging for steroid and sterol analysis, since direct analysis of steroids/sterols and their conjugates 
is rarely feasible. Hence, alternative separation and analysis methods need to be approached. MEKC 
and CEC have provided intriguing new opportunities for steroids and sterols, respectively.  
The experimental part covers the study on finding out the steroid composition and concentrations of 
wastewater samples collected from wastewater treatment plants (WWTP) around Finland. In 
addition, the efficiencies of the WWTPs were resolved. 
There were two types of wastewater samples: influent and effluent. Influent is the unclean water and 
effluent is the cleaned water that has passed through the process steps. The sample pretreatment 
includes filtering (glass fiber and membrane filters), solid phase extraction (SPE) (with C18 (Strata-X) 
and quaternary amine (N+) sorbents), and liquid-liquid extraction (LLE) (with diethyl ether). SPE was 
effective in purifying and concentrating the water samples, with a concentration factor of 20,000. 
The analysis was performed with partial filling-micellar electrokinetic chromatography, utilizing UV 
detection. It was found that the method was suitable for both qualitative and quantitative analysis of 
endogenous steroids and their corresponding metabolites. Androstenedione, testosterone glucuronide, 
and progesterone were found from the samples. Some notable results are that biological treatment 
most likely increases the amount of androstenedione, whereas enzymatic processes remove efficiently 
progesterone. Overall, the lowest steroid concentrations were obtained from the samples of Espoo, 
Pori, and Uusikaupunki. On the contrary, highest concentrations were in Kajaani, Mikkeli, and 
Porvoo. 
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I. Literature part: Capillary electrophoretic analysis of 
sterols and steroids 
 
1. Introduction 
 
1.1. Steroids 
 
Steroids are a vast group of polycyclic compounds. They can be either naturally 
occurring or chemically synthesized. All steroidal compounds have the primary 
structure of 17 carbon atoms arranged in 4-ring configuration. Many steroids also 
have methyl groups and an aliphatic side-chain bonded to the main cyclic structure. 
The simplest steroid is sterane/gonane. Steroids can be arranged into groups 
depending on the number of carbon atoms. The groups are gonane (C17), estrane 
(C18), androstane (C19), pregnane (C21), cholane (C24), and cholestane (C27) (Figure 
1). [1] 
 
Figure 1. The structures of steroids. 1) gonane, 2) estrane, 3) androstane, 4) pregnane, 5) 
cholane, and 6) cholestane. 
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The most important role of steroids is to act as signaling molecules in various 
functions such as metabolism and sexual development. In human, steroids can be 
present as free or conjugated steroids. Their determination has importance also in 
diagnostics, doping, forensics, and environmental chemistry. [2] Steroids are 
bioactive at low concentrations, which adds some challenges in quantitative 
analyses. The distribution of steroids into its subgroups is presented in Figure 2. 
In addition, the structures and molar masses of steroids in the thesis are presented 
in Appendix I. 
 
 
Figure 2. Steroids are arranged into four groups: sterols, corticosteroids, bile acids, and sex 
steroids. The focus of this thesis is on phytosterols, cholesterol (zoosterol), corticosteroids, 
and sex steroids. 
 
Steroids resemble terpenoids from the biosynthetical point of view. The synthesis 
starts from triterpene lanosterol. Lanosterol originates from cationic cyclization of 
the acyclic hydrocarbon squalene. [3] In animal and fungi cells, steroids are formed 
from lanosterol (Figure 3) and in plants from cycloartenol. [4]. Steroids can also be 
synthetized in the natural process of steroidogenesis. In this process, all steroids 
are produced from cholesterol. 
 
Steroids 
Sterols Corticosteroids Bile acids Sex steroids 
Glucocorticoids 
Mineralcorticoids 
Zoosterols 
Androgens Estrogens 
Phytosterols 
Fungal sterols 
Progestogens 
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In chemical synthesis, the microbial catabolism of phytosterol sidechains is used 
for steroid production. Chemical synthesis results in C-19 or C-22 molecules, which 
then can be used as a basis for all steroids. 
 
 
Figure 3. Simplified steps of steroid biosynthesis in animals and fungi. [3] 
 
Usually, steroid metabolism has two main steps. First, the molecule goes through 
oxidation, reduction, or hydrolysis. This increases the hydrophilicity of the steroid. 
Examples of reactions are oxidation and hydroxylation. In oxidation, cytochrome 
P450 (or CYP) [5] enzymes attach oxygen into the ring and through the reaction 
enable other enzymes, for instance CYP7A1 in liver [5] and the final enzymes of 
the pathway, CYP8B1 [5] and CYP27A1 [5], to break cholesterol into bile acids. 
Then, the product goes through further metabolism or conjugation (addition of 
glucuronide or sulfate group). Thus, its biological activity is effectively reduced. Via 
oxidation, the reaction also produces glucuronic acid and/or sulfuric acid. 
Hydroxylation occurs when the steroid structure has no side chains of the precursor 
cholesterol or bile acids. 
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1.1.1. Sex steroids and corticosteroids 
 
All steroid hormones are synthetized from cholesterol. Steroid hormones can be 
divided into adrenocortical hormones and sex hormones. Adrenocortical hormones 
regulate many metabolic processes, whereas sex hormones are responsible for 
maturation, reproduction, and tissue growth. [3] Sex hormones are naturally 
synthetized in human body, more specifically, in gonads (ovaries and testes) and 
adrenal glands (which produce corticosteroids). The process of releasing steroid 
hormones from gonads/adrenal glands into bloodstream is secretion. [6] 
 
Located at the base of the brain, hypothalamus controls the activity of hypophysis 
(pituitary gland), which is located just below hypothalamus. Hypothalamus 
releases hormones, which either stimulate (liberins or releasing factors) or inhibit 
(statins or inhibiting factors) the release of specific hormones from hypophysis. [6] 
Among many hormones, hypophysis releases gonadotropins, which have a direct 
effect on gonads. [6] The most significant gonadotropin hormones are the follicle-
stimulating hormone (FSH) and the luteinizing hormone (LH) [6]. In addition, 
during pregnancy placenta secretes the human chorionic gonadotropin hormone 
(hCG) [6]. All these hormones have a key role in reproductive system, sexual 
development, and growth. [6] Ovaries secrete estrogen, progesterone, and small 
amounts of androgens, mainly testosterone. Testes secrete mostly testosterone but 
also other androgens and minor amounts of estrogen and progesterone. Adrenal 
glands produce androgens, which are further synthesized into other (male or 
female) sex hormones. [6] 
 
Sex steroids are divided into three groups (androgen, estrogen, and progestogen) 
depending on their stage in steroidogenic path. This is presented in Figure 4. 
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Figure 4. Steroidogenic pathway. The synthesis begins with cholesterol. Cholesterol is 
synthesized mostly from low-density lipoprotein (LDL). Highlighted are progestogens, 
androgens, and estrogens. Each compound can also be present in a conjugated form, such 
as glucuronide. [7] 
 
Adrenal glands, being located just above of each kidney, produce 
mineralocorticoids and glucocorticoids. Mineralocorticoids control the salt balance 
of sodium and potassium ions. It plays a vital role in adjusting tissue swelling. An 
example of mineralocorticoid is aldosterone. Its secretion is stimulated by 
angiotensin II, which in turn is formed from renin. [8] 
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The second group, glucocorticoids, regulate glucose metabolism. When the system 
is in stress, glucocorticoids also aid the catabolic reactions of fats and proteins and 
thus the synthesis of glucose. [3] Hydrocortisone is one of the most essential 
glucocorticoid and responsible for nutrient catabolism in stressful situations by 
preventing, for instance, allergic reactions. In addition, it also inhibits immune 
reactions. [8] Adrenocorticotropic hormone (ACTH) [8] regulates the secretion of 
hydrocortisone. Figure 5 shows the structures of aldosterone and hydrocortisone. 
 
 
Figure 5. The structures of a) aldosterone and b) hydrocortisone. 
 
1.2. Sterols 
 
Sterols are divided into zoosterols (animals), phytosterols (plants), and mycosterols 
(yeast and fungi). Phytosterols and mycosterols are both plant sterols. [9] Sterols 
are a subgroup of steroids. They have similar structure as sterane with exceptions 
of one hydroxyl group at the A-ring and one double bond at the B-ring (Figure 6). 
Therefore, sterols are also called steroid alcohols. Example from each sterol group 
is presented in Figure 7. The structures of sterols with corresponding molar masses 
in the thesis are presented in Appendix II. Cholesterol, which is a zoosterol, is one 
of the most known sterols. 
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Figure 6. The basic structure of steroids (left) and sterols (right). 
 
Figure 7. Examples of sterols. 1) cholesterol (zoosterol), 2) campesterol (phytosterol), 3) 
sitosterol (phytosterol), and 4) stigmasterol (mycosterol). 
 
Over 200 [10] naturally occurring sterols have been identified. Many phytosterols 
have important health and nutrition effects, making them industrially significant. 
[11] In addition, from the research point of view, there are 13 sterol-related Nobel 
prizes in years 1910-1985 and the interest has not relented. [12] 
 
Many sterols act as precursors to vitamins. Overall, sterols can be found in oils, 
vegetable fats, and plant cells. 45-95 % [13] of the total amount of sterols in plants 
consist only from sitosterol, making it the most abundant. Other common 
phytosterols are campesterol and stigmasterol. [14] Ergosterol, which is the main 
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fungal sterol, has been found also in oils of corn, peanut, cottonseed, and linseed. 
[15] Besides plants, phytosterols are collected from pulp and paper industries as a 
byproduct. However, the process is environmentally unfriendly due to large 
consumption of organic solvents. In addition, some degradation of sterols occurs 
since high temperatures are used. [16] It is reported that sterols have function to 
be precursors for steroidal saponins and alkaloids [17] in insects for molting 
hormones [17] and in humans for pregnane and androstane group steroids [17]. 
That is partly why cholesterol is so widely studied. [18] Sterols have also been 
studied from olive oil [19], walnut [20], and from several plants [12]. 
 
Stanols are closely related to sterols but they are not that common in the nature. 
The only difference between these two is that stanols have no double bonds in the 
ring. In hydrogenation, sterols form saturated sterols. Therefore, sterols may both 
be unsaturated sterols and saturated sterols. [14] 
 
In organisms, sterols are initially synthesized from acetic acid (Figure 8). The key 
intermediates in this reaction are mevalonic acid and squalene. From here on, the 
reaction steps differ depending on the sterol class. In mammals and fungi lanosterol 
is produced, whereas in plants cycloartenol and triterpenes are the products. The 
final compound in mammals is cholesterol, in fungi ergosterol, and in plants 
different phytosterols (such as sitosterol and campesterol). [21] Bile alcohols are 
considered as intermediates in the formation of bile acids from cholesterol. 
Interestingly, there is also evidence, that plant cells are capable of producing 
phytosterols not only from cycloartenol and triterpenes but also from lanosterol. 
[22] 
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Figure 8. The sterol synthesis in organisms. The initial compound is acetic acid. In the 
reaction steps, first it forms mevalonic acid, then squalene. The reaction is then divided 
into two paths depending on the organism. In mammals and fungi, lanosterol is produced 
following with the formation of cholesterol (mammals) or ergosterol (fungi). In plants either 
cycloartenol or triterpene is formed, following with the formation of the final product, for 
instance sitosterol. 
 
Sterols can also be produced from other molecules than acetic acid, namely steroids. 
The process of microbial hydroxylation of steroids enables a large scale of different 
steroids to be produced only from a couple of initial steroids. [23] For sterols, the 
synthesis is possible in oxygen-depended biosynthesis. Acetyl-coenzyme A produces 
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sterols via HMG-CoA reductase pathway (Figure 9). [5] The first product is 
mevalonate. Six mevalonate molecules are combined into two farnesyl diphosphate 
molecules, which form squalene. Furthermore, squalene forms cycloartenol, which 
forms typical triterpenes (e.g. phytosterols and brassinosteroids) via enzymatic 
reactions. [15] 
 
 
Figure 9. HMG-CoA reductase pathway of Acetyl-coenzyme A. 
 
Sterols are metabolized to sulfates, glucosides, esters, and alkyl ethers. In addition, 
plant sterols can be metabolized into brassinolides. The sterol structures can also 
be changed via oxidation in the natural processes. Then, the reaction takes place 
in either the A or the B ring of the steroid structure, but sometimes changes may 
occur also in the sterol side chains. [9] Plant sterol metabolism for ester, glucoside, 
and brassinolide production is presented in Figure 10. The thesis does not cover 
the presentation of sterol metabolites in detail. 
 
Acetyl-coenzyme A 
Mevalonate 
Farnesyl diphosphate 
Squalene 
Cycloartenol 
Triterpene 
 11 
 
 
Figure 10. Plant sterol metabolism into brassinolide, ester, or glucoside. [24]
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1.2.1. Phytosterols and cholesterol 
 
Phytosterols and cholesterol are closely related, also with their activity being quite 
similar considering both phytosterols in plants and cholesterol in humans. The 
only difference in their structure is the functional side chain (Figure 7).  [25, 26] 
However, the small changes enable decisive variation in their metabolism. 
Humans cannot synthesize any phytosterols and therefore their only source is 
foods rich in phytosterols. Sometimes phytosterols are also added into foods as 
medical purposes (functional foods) for cholesterol lowering effects. [10] The 
Finnish company Raisio was the first to market phytosterol products and thus they 
also hold several patents on the topic. They added phytostanol fatty acyl ester into 
margarines or salad dressings. [17] Phytosterols act also as antioxidants [10, 17], 
antibacterial agents [27], antidiabetic compounds [28], anti-inflammatory agents 
[10], and anticancer compounds [10]. 
 
Even though human (and fungal) cells contain only specific sterol, that being 
cholesterol (and ergosterol), it is not an exception that plants also contain this 
cholesterol – even at 10 to 19 % [29] portions. Phytosterols are precursors for 
brassinosteroids, also known as plant hormones. Moreover, like steroids, sterols 
are present in free form. In addition, they can be found as steryl esters, conjugated 
forms of steryl glycosides, and acylated steryl glycosides. [30] Cholesterol is an 
important building block compound for cell membrane, precursor for steroids and 
bile acids, and a significant intermediate product of signaling metabolic pathways. 
There are two forms that cholesterol is found in humans: free cholesterol and its 
ester metabolite. The esterified form is synthetized when cholesterol reacts with 
fatty acids. [9] 
 
As a conclusion to steroid and sterol properties, a little closer look at their 
hydrophobic properties is still needed. Figure 11 demonstrates the relation 
between logP and applied double bond equivalent (aDBE) in common steroids and 
sterols. It can be seen that the aDBE is closely related to logP, since the higher the 
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aDBE the higher the logP. As always, there are some exceptions. For instance, 
cholic acid (endogenic product) and stanozolol (synthetic product) have a great 
difference in the factor. If compared to methyltestosterone (synthetic product), 
which can be considered as an “average steroid”, cholic acid has moderately high 
amount of oxygen, whereas the structure of stanozolol is the opposite. In addition, 
the model shown in Figure 11 does not predict the behavior of sterols, even though 
there is a pattern with the factors. Ergosterol has three double bonds, lanosterol 
two, and cholesterol has just one. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 14 
 
 
Figure 11. The characteristic behavior of some steroids and sterols. The logP value and the aDBE of each compound are 
compared. The compounds are hydrocortisone, fluoxymesterone, cholic acid, estriol, androstenediol, dehydroepiandrosterone, 
testosterone, 17α-hydroxyprogesterone, methyltestosterone, estradiol, stanozolol, ethinyl estradiol, androstenedione, 
progesterone, estrone, ergosterol, cholesterol, and lanosterol. The aDBE is calculated with the number of atoms in the molecule 
[C] being carbon, [H] hydrogen, [X] halogen, [N] nitrogen, and [O] oxygen. The equation for aDBE is (1+[C]-[H+X]/2+[N]/2)/[O]. 
The logP values are theoretical values provided by ChemAxon [31].
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2. Capillary electrophoresis 
 
2.1. Capillary zone electrophoresis 
 
Capillary (zone) electrophoresis (CZE) is based on the migration of charged 
molecules in solution. When high voltage is applied to the capillary, filled with the 
electrolyte solution and connecting the two electrolyte reservoirs, cations will 
migrate towards cathode and anions towards anode. However, the decisive 
direction of migration is determined by the electroosmotic flow, which is the motion 
of the ambient electrolyte solution. The phenomenon is electrophoresis. Since all 
molecules of interest need to move through the capillary solution with 
electroosmosis, it is inevitable that the frictional and the accelerated forces need to 
be compensated. [32] Thus, the electrophoretic mobility is explained in a 
mathematical formula (Eq. 1) 
 
 𝑞𝐸 = 𝑓𝑢𝑒𝑝,                                                                                                                                               (1) 
 
where 𝑞 is the charge of the analyte [𝐶], 𝐸 is the voltage [𝑉/𝑚], 𝑓 is the frictional 
coefficient [𝑁], and 𝑢𝑒𝑝 is the velocity of the analyte [𝑚/𝑠]. 
 
In uncoated silica capillaries, the inner surface is composed of free silanol groups. 
The degree of ionization of these silanol groups can be modified by changing the pH 
of the electrolyte solution (Chem. 1). 
 
𝑆𝑖 − 𝑂𝐻 ⇄ 𝑆𝑖 − 𝑂− + 𝐻+                                                                                                        (𝐶ℎ𝑒𝑚. 1) 
 
A negatively charged layer is formed onto the surface of the capillary. Under the 
applied electric field, the final double layer (Stern layer) is formed due to the 
movement of cations in the electrolyte solution. The potential difference between 
Stern layer and the bulk of the capillary solution is called zeta-potential (𝜁), which 
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is one of the parameters that determines the velocity of the electroosmotic flow 
(EOF). Stern layer can be divided into inner and outer Helmholz layers. The inner 
Helmholz layer consists of adsorbed cations and the outer layer is mainly just 
solvated ions. Farther from Stern layer, there is a wispy layer of cations, which 
form a diffusion layer. This layer moves toward cathode when a voltage is applied 
at positive polarity. [33] The phenomenon is known as electroosmosis. This is the 
case with normal polarity mode. When negative polarity (reverse mode) is used, 
positive ions containing also negative ends are adsorbed onto silanol groups. This 
changes the EOF into opposite direction. Figure 12 illustrates the principle of layer 
formation in positive polarity. 
 
 
Figure 12. A schematic picture of the different layers in capillary (positive polarity/normal 
mode). 
 
Electroosmotic flow is a significant factor in separation. Therefore, every parameter 
that has an effect on EOF needs to be optimized. The relation of EOF with zeta-
potential (𝜁), viscosity (𝜂), voltage (𝐸), and dielectric constant (𝜀) is shown below 
(Eq. 2). 
 
𝑢𝑒𝑜 = 𝜇𝑒𝑜𝐸 =
𝜁𝜀𝐸
4𝜋𝜂
                                                                                                                                  (2) 
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It can be seen that the higher the voltage the faster the EOF. We know that 
increase in temperature decreases viscosity (𝜂 ∝
1
𝑇
) and for that reason EOF is 
increased. The dielectric constant increases when the concentration or the ionic 
strength of the electrolyte is increased (density of induced dipoles increase). 
 
Zeta-potential is heavily affected by pH and ionic strength. The more alkali the 
solution, the more negative the potential (silanol dissociation). Thus, there is 
sufficient amount of negative (for positive polarity) or positive (for negative 
polarity) charge available for zeta-potential to be formed. In addition, the ionic 
strength of the electrolyte solution determines the thickness of the Stern layer. The 
parameters affecting EOF are presented in Table 1. 
 
Table 1. The relation of parameters for increasing EOF. 
Increase in EOF is 
voltage 
temperature 
pH 
ionic strength of electrolyte solution 
concentration of electrolyte solution 
increased 
increased 
increased 
decreased 
decreased 
 
For ensuring that the system is repeatable, EOF needs to be measured. This is 
accomplished by injecting neutral marker compound or non-ionizable solution, for 
example methanol, and determining its migration time to detector. Marker 
compound for EOF is mesityl oxide. [34] 
 
In capillary electrophoresis the separation of analytes is based on their 
electrophoretic mobilities. The total mobility of the analyte is shown in Eq. 3. 
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𝜇𝑡𝑜𝑡 = 𝜇𝑒𝑝 + 𝜇𝑒𝑜 ,                                                                                                                                     (3) 
 
where µ𝑒𝑝 is the electrophoretic mobility of the analyte and µ𝑒𝑜 is the electroosmotic 
flow. 
 
Electrophoretic mobility of an analyte is presented in Eq. 4, and it can be proved 
from Eq 2. 
 
𝑢𝑒𝑝 = 𝜇𝑒𝑝𝐸 =
𝑞𝐹
𝑓
𝐸 =
𝑞𝐹
6𝜋𝜂𝑁𝐴𝑟
𝐸,                                                                                                       (4) 
 
where 𝑞 is the charge of the analyte, 𝐹 is the Faraday constant, 𝜂 is the viscosity of 
the electrolyte solution, 𝑁𝐴 is the Avogadro constant, and 𝑟 is the radius of the 
analyte. 
 
In addition, the mobilities can be calculated using Eq. 5. 
 
𝜇 =
𝐿𝑑𝑒𝑡
𝑡𝑚,𝑎
𝑉
𝐿𝑡𝑜𝑡
=
𝐿𝑑𝑒𝑡𝐿𝑡𝑜𝑡
𝑡𝑚,𝑎𝑉
,                                                                                                                              (5) 
 
where 𝐿𝑑𝑒𝑡 is the length of the capillary to the detector from the inlet end (effective 
length),  𝐿𝑡𝑜𝑡  is the total lenght of the capillary, 𝑉 is the voltage used in separation, 
and 𝑡𝑚,𝑎 is the migration time of the analyte to migrate from inlet end to the 
detector. 
 
Let us assume that positive polarity is used for the measurements. From this 
equation, we can now discover that smaller the analyte, faster it moves. When the 
electric field is applied, positive ions move straight towards the cathode. Negative 
ions move to the opposite direction and therefore they need the help of 
electroosmosis in order to move to the same electrode as the cations. Neutral 
 19 
 
(nonionic) analytes will have the electrophoretic mobility of electroosmosis. 
Increase in both the voltage and the temperature (decreasing viscosity) will 
increase the velocity. Figure 13 clarifies the migration order of different kinds of 
analytes, which can be simultaneously analysed. 
 
 
Figure 13. The migration order of different types of analytes in positive polarity (normal 
mode): small cations, large cations, small neutrals, large neutrals, large anions, and small 
anions. 
 
However, in many cases the electrophoretic mobilites of anions towards the 
opposite direction are faster than the electroosmotic flow to the detector. This 
means that the analytes are not detected. However, there are two options to detect 
them: the polarity can be kept the same or it can be reversed. When the polarity is 
kept the same, then the direction of the EOF needs to be inverted. This happens by 
changing the negative polarity to overall positive. Usually a cationic surfactant is 
added into the electrolyte solution to cover the inner wall of the capillary. Then, the 
positively charged end attracts to the negative silanol wall. In addition, the 
hydrophobic end of the cationic surfactant attracts another surfactant so that the 
structure results in overall positive charge. This is called planar bilayer and an 
example of the respective bilayer on the capillary wall is presented in Chem. 2. 
 
𝑆𝑖 − 𝑂− ⋯ ⋯+ 𝑁(𝐶𝐻3)3 − 𝑅 ⋯ ⋯ 𝑅 − 𝑁(𝐶𝐻3)3
+                                                               (𝐶ℎ𝑒𝑚. 2) 
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In capillary electrophoretic separation, it is essential to know the chemical and 
physical behavior of the analytes. For instance, in micellar electrokinetic 
chromatography, the migration times are correlated to the charge, size, and total 
concentration of all analytes in the background electrolyte solution (BGE), the 
BGE-micelle partition of the analyte. Of course instrumental parameters also have 
an effect on the migration times. [35] 
 
When electrical current is switched on inside the capillary, heat is produced by ions 
that have kinetic energy for movement in the electric field. The excessive energy is 
released as heat. In addition, the overall temperature gradient is guided by the 
electrolyte solution. It causes heterogenic temperature medium in the capillary, 
since the temperature is at its highest value in the middle of the capillary. The two 
points affect the overall temperature in the capillary during separation, thus 
optimization of the separation medium is necessary for repeatable analyses. 
Theoretically, in controlled CE system, a flat flow profile is obtained for each 
analyte (Figure 14). Formation of Joule heat can be massively decreased by 
reducing the voltage or by increasing the length of the capillary. In addition, low 
ionic strength solutions and narrow capillaries decrease Joule heat. A proper 
cooling system should be used to the capillary in order to effectively remove heat. 
Liquid coolant works for all instruments; water is also an option but it limits the 
separation voltage to lower than +20 kV. Air cooling is most commonly used, and 
at least Agilent and Waters CE instruments utilize air cooling.  
 
 
Figure 14. Flow profiles of electroosmotic and hydrodynamic flows. 
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When looking at the van Deemter equation (Eq. 6), the height equivalent to 
theoretical plate (HETP) is directly proportional to terms A (Eddy 
diffusion/channeling), B (diffusivity/diffusion coefficient), and C (mass-transfer). 
 
𝐻𝐸𝑇𝑃 = 𝐴 +
𝐵
𝑢
+ 𝐶𝑢,                                                                                                                             (6) 
 
where 𝑢 is the velocity. 
 
The smaller the value of HETP, the better the efficiency (smaller band broadening). 
The relationship between the terms is presented in Figure 15. 
 
 
Figure 15. The working principle of capillary electrophoresis. Term A stands for Eddy 
diffusion, B is diffusivity, and term C is known as mass-transfer. All these terms determine 
the band broadening in the analysis. 
 
In CZE the separation capillary is open-tubular, thus there is no Eddy diffusion. In 
addition, since there is no packing material or any kind of stationary phase 
involved, term C is removed from the equation. However, because of the physical 
properties of the analytes and the concentration gradient between the analyte 
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bands and the ambient environment, the analyte band has a tendency to diffuse. 
Since this happens in a capillary, the motion of diffusion is longitudinal and term 
B remains. This results in the following form of van Deemter equation (Eq. 7). 
 
𝐻𝐸𝑇𝑃 =
𝐵
𝑢
                                                                                                                                                (7) 
 
Now, it is clear that the dominant parameter is B, which is the longitudinal 
diffusion. However, this is a theoretical approximation. A more versatile approach 
on the parameters with the most notable effect on the peak band broadening in 
CZE analysis was performed. [36] It was found out that three major parameters 
affecting efficiency are the length of sample injection path, term B from the van 
Deemter equation, and analyte-wall interactions. Temperature had only little or no 
effect on the efficiency. To conclude, sample injection length had the strongest effect 
on the peak profiles. 
 
As mentioned before, the larger/heavier the molecule, the slower it moves and the 
less it has diffusion. That results in rather good efficiencies for macromolecules 
such as proteins. As a conclusion, the critical parameters for efficiency are 
presented in the equation (Eq. 8) below. [32] 
 
𝑁 =
𝜇𝑒𝑝𝑉
2𝐷
                                                                                                                                                  (8) 
 
The number of theoretical plates is directly proportional to voltage (𝑉) and to the 
electrophoretic mobility of the analyte (µ𝑒𝑝). Respectively, it is inversely 
proportional to the diffusion coefficient (𝐷). Since large 𝑁 values are pursued, 
optimization of the parameters is necessary. It would be simple just to increase the 
voltage but then, unfortunately, the Joule heat increases rapidly. This means, that 
by adding length to the capillary, the effect of Joule heat is decreased. 
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Capillary electrophoresis (CE) instrument is somewhat unsophisticated. All that is 
needed is a high voltage power supply, two electrodes, a fused-silica capillary with 
an optical window, a sample vial, background electrolyte solution vials, and a 
detector (Figure 16). [37] 
 
 
Figure 16. The working principle of capillary electrophoresis. 
 
In spite of its simplicity, there are numerous chemical methodologies and 
instrumental parameters needed for modifying conventional CE separation. 
Autosampler, air-cooler system, and automated method control are just some 
examples of the computer-aided and controllable operations. In Table 2, there are 
characteristic properties for capillary electrophoresis. 
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Table 2. Highlights of capillary electrophoretic separation. 
• Uses high voltage 
• Needs only small amounts of sample and other chemicals 
• Easy to automatize and to use 
• A wide range of analytes can be analysed qualitatively and quantitatively 
• High separation efficiency in electrolyte solutions 
 
Then there is the question of what type of injection to use. There are two options: 
hydrodynamic injection or electrokinetic injection. As their names suggest, 
hydrodynamic injection uses pressure and electrokinetic injection utilizes voltage. 
Hydrodynamic injection takes a reproducible volume of the sample because it is not 
selective towards the ionization of the analytes. In electrokinetic injection, voltage 
affects the selectivity of either positive or negative ions, which are transferred as a 
larger portion into the capillary. Usually, hydrodynamic injection is preferred but 
there are special cases where electrokinetic injection mode is preferred (an example 
is capillary gel electrophoresis (CGE)). [32] Eq. 9 clarifies the variables responsible 
for volume in electrokinetic injection. [38] 
 
𝑉𝑜𝑙𝑢𝑚𝑒𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑘𝑖𝑛𝑒𝑡𝑖𝑐 =
𝑐𝑣𝑐𝑡𝑖𝑉𝑖𝑘𝐵𝐺𝐸
𝑡𝑚,𝑎𝑉𝑘𝑠
,                                                                                                  (9) 
 
where 𝑐 is the concentration of the analyte in the sample solution, 𝑣𝑐 is the effective 
capillary volume, 𝑡𝑖 is the injection time, 𝑉𝑖 is the applied voltage during injection, 
𝑘𝐵𝐺𝐸 is the conductivity of the BGE, 𝑡𝑚,𝑎 is the migration time of the analyte, 𝑉 is 
the voltage used in the separation, and 𝑘𝑠 is the conductivity of the sample solution. 
 
When using hydrodynamic injection, the volume injected can be calculated. There 
are online calculators, for instance CE Expert Lite (SCIEX), in which the 
parameters are selected and the calculation gives the volume, among other 
parameters. However, all these depend on the equation (Eq. 10), presented below. 
[32] 
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𝑉𝑜𝑙𝑢𝑚𝑒ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =
∆𝑃𝜋𝑑4𝑡
128𝜂𝐿𝑡𝑜𝑡
                                                                                                    (10) 
 
In this equation, the terms in the numerator are the pressure difference between 
the ends of the capillary (∆𝑃), inner diameter of the capillary (𝑑), and the time (𝑡), 
which correlates to the analyte retaining in the electrolyte solution, respectively. 
In the denominator, the parameters are viscosity (𝜂) of the electrolyte solution (in 
online programs the viscosity of water is used as a default setting) and the total 
length of the capillary (𝐿𝑡𝑜𝑡), in this respective order. 
 
2.2. Electrokinetic chromatography 
 
Electrokinetic chromatography (EKC) is based on electrophoresis and interactions 
between the analytes and the additives. [39] EKC utilizes pseudo-stationary phase 
(PSP) as a separation carrier, which is achieved by adding additives (for instance, 
micelles or microemulsion droplets) into the electrolyte solution. [37] When the PSP 
is charged, neutral analytes are separated. Neutral analytes will have a 
partitioning coefficient depended on the interactions they have between the PSP 
and the electrolyte solution. [39] Therefore, chromatographic terms are used for 
describing the separation process in EKC. [39] Interestingly, conventional 
chromatographic methods (for example, gas and liquid chromatography) can be 
considered as a “special case of EKC” [39], since the PSP has the velocity of zero. 
Some examples of the additives that are used in EKC are listed in Table 3. 
 
Table 3. Examples of additives in EKC. [37] 
Additive 
 
 Surfactant 
          anionic 
          cationic 
          zwitterionic 
          nonionic 
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Table 3. Continues. 
 Microemulsion 
 Macrocyclic phase 
 Macromolecular phase 
 Micellar polymer 
 Polymeric surfactant 
 Vesicle 
 Dendrimer 
 Polymer-ion 
 
 
2.2.1. Micellar electrokinetic chromatography 
 
Micellar electrokinetic capillary electrophoresis (MEKC) is based on the addition 
of micelle-forming surfactants into the BGE solution. Surfactants are amphiphilic 
molecules, consisting of a hydrophilic head and a long hydrophobic tail. The 
hydrophilic end can be an alcohol, a carboxylate, a sulfate, a phosphate, or an 
ammonium group, and the hydrophobic end is a long alkyl chain. 
 
Micelles are divided into four groups. The main part of the surfactant can be 
cationic, anionic, zwitterion, or nonionic. Zwitterion micelles are rarely used 
because of their high price and laborious production. Anyhow, they are excellent in 
special circumstances and have wide biological compatibility. [40] The advantage 
of using nonionic micelles is that they have great biodegradability and low toxicity. 
[40] Usually cationic and anionic surfactants are the most used in MEKC. [41] 
Cationic micelles form ions such as R4N+ or R4P+. Anionic surfactants are useful 
because they form anions such as -COOH- or -SO3- and they are easily used with 
positive polarity separation modes. [40] For example, the most common anionic 
micelle is sodium dodecyl sulfate (SDS), which forms micelles at the CMC of 8.08 
mM (in water) or 3.27 mM (in phosphate buffer: pH 7.0 and T = 25 °C). [42] In 
addition, when using positive polarity, it has a tendency to move towards anode. 
Despite this, EOF is strong and micelles will eventually reach cathode. 
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Partial-filling micellar electrokinetic chromatography (PF-MEKC) can be 
considered as CZE combined with MEKC. After filling the capillary with the 
electrolyte solution, a small plug of micellar solution is injected following with the 
injection of the sample. [43] The analytes will interact with the micelles and then, 
as they move into the electrolyte solution, they interact with it as well (Figure 17). 
 
 
Figure 17. The working principle of PF-MEKC.  
 
In the experimental part of this thesis, SDS was used as the main ingredient in the 
micellar solution for partial-filling micellar electrokinetic chromatography (PF-
MEKC). Using this specific method, also online-concentration was achieved for the 
analytes. [44] 
 
Surfactants are used for decreasing the surface tension of water. For example, 
surfactants are causing wetting, dispersion, emulsification, and deflocculation. [40] 
MEKC is a good alternative for capillary electrochromatography (CEC), since 
micelles are much smaller than the packing material particles used in CEC and 
thus they do not alter the EOF as much as the stationary phases of CEC. 
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Figure 18. The formation of micelles in aqueous solution. 
 
Figure 18 illustrates the formation of micelles in aqueous solution. Surfactants 
form micelles in specific conditions, meaning that the concentration of the 
surfactants is above the value of critical micelle concentration (CMC). When the 
analysis temperature is higher than the Krafft point of the surfactant, the increase 
of the specific temperature limit increases the surfactant solubility and micelle 
formation rapidly. [40] Because anionic surfactants have a negative charge, they 
migrate towards anode (in positive polarity/normal mode). Since EOF is faster than 
their electrophoretic mobility, the overall movement is towards cathode. The 
micelles act as a pseudo-stationary phase (PSP), similarly as do porous stationary 
phase materials.  Then, the van Deemter function has the form of mass transfer 
that can be calculated with Eq. 11. [32]  
 
𝐻𝐸𝑇𝑃 =
𝐵
𝑢
+ 𝐶𝑢                                                                                                                                    (11) 
 
monomers micelle 
hydrophilic head hydrophobic tail 
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The equation is not completely true, since the micelles do not retain the analytes 
as effectively as the porous stationary phase, which means that in MEKC the 
parameter C is not as dominant as it is in chromatography. It causes only minor 
peak band broadening. [32] 
 
There are also other variations of micelles. If the concentration of the surfactant 
exceeds greatly the CMC, the surfactants form inverted micelles. Now the 
hydrophobic ends are on the outside and the hydrophilic ends are inside of the 
micelle alongside with the electrolyte solution, which is trapped inside of the 
micelle. In addition, the surfactants can arrange themselves into bilayer vesicles in 
the electrolyte solution that may also be trapped inside of the vesicle. As imagined, 
this leads to non-consistent electrolyte distribution and thus the electrophoretic 
separation does not occur. Figure 19 demonstrates the principle of inverted micelles 
and bilayer vesicles. [32] 
 
 
Figure 19. The principles of a) inverted micelle and b) vesicle formation. 
 
Micelles are dynamic structures, which mean that their lifetime is short, and the 
formation is continuous. Analytes form equilibrium between the dispersive 
stationary phase (micelles) and the electrolyte solution (bulk phase) through rapid 
interactions. In MEKC, both neutral and ionic analytes can be separated. [37] 
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However, there are some requirements for MEKC in general. The surfactants have 
to be soluble in the BGE and they need to have low viscosity. Moreover, the micellar 
solution needs to be consistent and UV transparent. The most important 
information about a micelle is the CMC, its aggregation number, and the Krafft 
point. [40] 
 
2.2.2. Microemulsion electrokinetic chromatography 
 
Microemulsion electrokinetic chromatography (MEEKC) is a separation technique 
that utilizes microemulsion droplets as PSP. [45] Microemulsion has similar 
working principle as micelles. The droplets are coated with surfactants and thus 
the structure of microemulsion droplet has the outer composition of a micelle. [46] 
Due to the surfactants, the surface tension between the droplets and the electrolyte 
is decreased. In addition, by attaching short-carbon chain alcohol to the droplet, 
the surface tension is effectively decreased, stabilizing the ambient space. There 
are different types of microemulsion systems. In phase 1, oil is as a minority in 
water (O/W) and the surfactant is hydrophilic (Winsor I). In phase 2, water is as a 
minority in oil (W/O) and the surfactant is hydrophobic (Winsor II), respectively. 
Phase 3 has microemulsions and surfactants, which are equally soluble in both the 
aqueous and the non-aqueous phases (Winsor III). [47] Figure 20 demonstrates oil 
in water type of microemulsion system (Winsor I). 
 
 
Figure 20. Oil in water (O/W) microemulsion system. It is known as Winsor I. The 
surfactant is hydrophilic. 
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SDS is the most used surfactant in MEEKC. However, non-ionic surfactants, mixed 
surfactants, and bile salts are used. [45] Electrolyte solutions with moderately high 
pH are often used in the separation. Examples of suitable buffers are phosphate 
and borate salts and acids. [46] Advantages of MEEKC are possibility for fast and 
effective separation and screening of various ionic and neutral analytes. In 
addition, even when the analytes are either water-soluble or water-insoluble, it is 
not a confrontation for the analysis. [45, 46] A new approach is to couple MEEKC-
CE to mass spectrometer (MS). MEEKC intrinsically online-concentrates the 
samples but when MS is coupled, the sensitivity is considerably improved. [45] 
 
Sometimes, especially in the electrophoretic analysis of steroids and sterols in 
aqueous environment, the electrophoretic mobilities of the analytes are similar and 
therefore, they are not sufficiently separated. In addition, the solubility of these 
types of hydrophobic analytes is poor. In this case, partly aqueous or non-aqueous 
environment can be used. [48] This increases the solubility of the analytes and 
reduces EOF, increasing migration times and separation efficiency. [40] Examples 
of typical non-aqueous solvents are methanol, acetonitrile, acetic acid, N,N-
dimethylacetamide, propylene carbonate, and formamide. [48, 49] In formamide, 
the analytes have small mobilities. This results in rather small current. Due to the 
tolerance of formamide for high ionic strength and electric field, the analysis times 
can be decreased, while preserving good separation efficiency. [48] 
 
When the analytes are highly hydrophobic, the separation needs an additional 
separation mechanism in non-aqueous electrolyte solution. Micelles are, obviously, 
an option, but sometimes it is insufficient. That is because in some cases the 
analytes are almost completely integrated into micelles. The addition of organic 
modifiers or cyclodextrins (CD) in MEKC changes the concept of PSP. Increase in 
velocities of the lipophilic analytes correlates with decrease in hydrophobic 
interactions between an analyte and micelles. [40] 
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Cyclodextrins (CD) are similar to organic modifiers, but being also advantageous 
in UV-transparency and non-volatility. Cyclodextrins are oligosaccharides with 
cyclic and cylindrical structure. They have lipophilic inner cavity and hydrophilic 
outer surface. The structure resembles analyte trap, which extracts non-polar 
molecules into the inner cavity. The formed complexes solubilize analytes due to 
hydrophilic outer surface in the CD. The size of the interior depends on the amount 
of glucose and therefore the interior acts as a sterically limited space. Now, 
lipophilic analytes interact with both micelles and with cyclodextrins, which both 
act as PSPs.  The distribution coefficient of the analytes between micelles and 
electrolyte solution is disturbed. Desirable, the separation is improved and the 
migration times are expedited. [40] The use of β-cyclodextrin is reported to be useful 
in increasing selectivity between similar derivatized phytosterols. [48] 
Cyclodextrins are also known for their ability to separate enantiomers of optically 
active analytes. [32] 
 
2.3. Capillary electrochromatography 
 
Capillary electrochromatography (CEC) is a separation technique, which utilizes 
packed capillary columns (i.d. < 500 µm) or coated open tubular columns (i.d. < 100 
µm). It can be perceived as the combination of capillary electrophoresis and liquid 
chromatography. [50] CEC is advantageous when high efficiency, resolution, speed, 
and micro-scale separation are pursued. There is no column backpressure and the 
small solvent and sample amounts needed are beneficial for many types of 
challenging analyses. [11, 50] 
 
The analytes are separated due to the electrophoretic separation factors and the 
interactions between the analytes and the stationary phase. The electrophoretic 
separation enables separation of charged analytes and the stationary phase 
separates neutral analytes. [37] The typical operational parameters affecting the 
separation efficiency are pH of the electrolyte solution, its concentration, and the 
chemicals in the solution. Electrolytes, such as Tris, which have low conductivity, 
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are favored. This is because the Joule heat needs to be minimal in repeatable 
analyses. In addition, the amount of organic modifiers, the material, and the 
functionality of the stationary phase are notable. Usually organic modifiers with 
both high dielectric constant and low viscosity are preferred. An example of organic 
modifier is acetonitrile. [11] 
 
In CEC, the stationary phases are similar to LC. Octadecyl functionalized (C18) 
sorbent is the most used of them. Its particle size varies from 0.4 µm to 3 µm. There 
are currently two main techniques for packing capillary columns. Liquefied solid 
phase paste is packed with a high-pressure pump into capillaries (100 µm i.d.). 
Wider diameter tubes (i.d. 1-2 mm) are packed with dry packing materials. 
Liquefied solid phase packing is the most common technique of the two. The 
liquefied sorbent is placed using filters at the both ends of the capillary. Right after 
the other filter, there is a detector window for optical detection. It is also possible 
to use plain open tubular gas chromatography (GC) columns as CEC capillaries. 
[37] 
 
Also new methods, using sol-gel [51], are released. Sol-gels consist of monomers, 
which are converted into colloidal solutions (precursors for gels, polymers, and 
detached particles). Sol-gels provide helpful solutions, especially for the analyses 
of biomolecules where the acidic silanol groups cause solute adsorption and non-
repeatable migration times. Acidic silanol groups are destructive for the analysis 
of basic biomolecules due to the adsorption interactions that they have. Results are 
seen in band broadening. [52] Sol-gels have advantages in producing strong 
chemical bonding (adhesion) with the fused-silica surface. These coatings are used 
in wide range of pH-determined solutions. In addition, sol-gels are simple to apply 
into the capillary and the coating is reproducibly produced (high-purity alkoxides 
as precursors) into desired thickness. [52] Examples of sol-gel-produced coatings 
are polyacrylamide coating [52], alkyl ligand coating [52], and quaternary 
ammonium group coating [53]. 
 
 34 
 
If there is a high amount of residual silanols or other charged groups, the EOF is 
rapid. This is convenient in the analysis of neutral or weakly ionized analytes. [11] 
Unlike in liquid chromatography (LC) or supercritical fluid chromatography (SFC), 
the flow profile is flat. SFC is a modification of normal phase - liquid 
chromatography (NP-LC) but it uses carbon dioxide as a mobile phase. [37] SFC is 
simultaneously used for extracting, fractioning, and concentrating. For instance, 
stigmasterol, campesterol, sitosterol, and sitostanol were determined from seed 
oils, margarine, and from corn germ and fiber oils, using SFC. [54] CEC is a usable 
alternative for micro - liquid chromatography (micro-LC). However, the 
reproducibility of the columns is somewhat challenging to achieve. [37] 
 
In CEC, the mobile phase is an electrolyte solution. Depending on the stationary 
phase, the solution can be non-aqueous, partly aqueous, or organic. As in LC, with 
careful optimizing, a gradient elution can be used in the separation analysis. [37] 
Depending on the sample, most neutral analytes are separated with eluents 
containing pH of 4-8 and acidic analytes with an eluent of pH 2.5. [11] 
 
2.4. Concentration techniques in capillary electrophoresis 
 
Figure 21 compiles sample concentration techniques that may be used in capillary 
electrophoresis. The most used techniques in steroid and sterol research are 
discussed in the thesis. They are sweeping, micelle to solvent stacking (MSS), 
stacking, and field-amplified stacking in MEKC. 
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Figure 21. On-line sample preconcentration techniques in capillary electrophoresis. [55] 
 
Stacking and sweeping are on-line preconcentration techniques often used in CE. 
Staking is based on the analyte velocity and it can be optimized by modifying 
sample and electrolyte solutions. Simply, in stacking the analyte has higher 
velocity in the sample zone than in the BGE zone meaning that the analyte 
concentrates at the boundary of both of the solutions. In sweeping, the situation is 
contrary. The analyte has slower velocity in the sample than in the BGE (see Figure 
22), which contains surfactants for micelle formation. When a sample (without the 
Sweeping and related techniques 
 Sweeping 
 Micelle to solvent stacking (MSS) 
 Analyte focusing by micelle collapse (AFMC) 
 Transient trapping 
 Coupling with FASI and other hyphenated techniques 
Transient isotachophoresis 
 Transient isotachophoresis (tITP) 
 Electrokinetic supercharging (EKS) Field-amplified stacking 
 Field-amplified sample stacking (FASS) 
 Field-amplified sample injection (FASI) 
 FASI with solvent 
 Large volume sample stacking (LVSS) 
 LVSS with an EOF pump (LVSEP) 
 Stacking in MEKC 
Stacking 
Liquid-phase microextraction 
 Single-drop microextraction SDME) 
 In-vial supported liquid membrane (SLM) 
 In-vial electrokinetic microextraction (EME) 
pH-induced stacking 
 Dynamic pH-junction 
 pH-mediated FASS 
In-capillary solid phase extraction 
 In capillary solid phase extraction (SPE) 
On-line sample concentration 
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PSP) is injected, the BGE zone behind the sample zone causes the concentrating of 
the analytes at its front and at the back end of the sample zone. However, there is 
one condition for this, the conductivities of sample and BGE needs to be equal (and 
pH ≪ 7) and consequently, the EOF is negligible. [37] Sweeping is the most effective 
technique for hydrophobic and cationic compounds. [37] With the help of PSP, the 
interactions such as chromatographic partitioning or complexation between PSP 
and analytes enable preconcentration. [56] However, sweeping is also effective in 
concentrating anionic compounds since the preconcentrating factor can even be as 
high as 5,000. [57] 
 
 
Figure 22. The working principles of stacking and sweeping. An example with negatively 
charged analytes in positive polarity. [55] 
 
Sample can also be mixed in advance with the micellar solution and then the BGE 
solution is used without micelles. These techniques are micelle to solvent stacking 
(MSS) and analyte focusing by micelle collapse (AFMC). The concentration effect is 
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possible since the micelles, added into the sample solutions, are collapsed when 
reaching the BGE zone. Again, the analytes are concentrated at the border of the 
sample zone and the BGE zone. 
 
Field-amplified stacking can be performed using MEKC, which is useful also in 
concentrating neutral analytes. [57] The sample compounds are dissolved in 
micellar buffer solution (c > CMC) so that the solvent has at least 10 times lower 
concentration of SDS than its quantity is in the BGE solution. [37, 57] In MEKC 
stacking, the PSP in the sample has higher velocity (due to low concentration) than 
the BGE because the electric field is stronger in sample zone than in the BGE. The 
PSP and the co-migrating analytes in the sample zone concentrate the sample at 
the borders of the sample and the BGE. Injection type has also impact on the 
concentration effect. Hydrodynamic injection resulted in at least 10-fold 
concentration, whereas with electrokinetic injection it was at least 100-fold. 
Stacking can be performed with the presence of reverse migrating micelles in a 
negative polarity (reverse mode) field, using an acidic BGE solution. Hence, the 
EOF is much weaker than the mobility of the micelles, which migrate together with 
the analytes toward the detector. 
 
3. Sample pretreatment methods for steroids and sterols 
 
3.1. Solid phase extraction 
 
In environmental and clinical samples, steroids and sterols occur at low 
concentrations. Therefore, pretreatment methods are used for achieving suitable 
concentration level for each analysis instrument. 
 
Solid phase extraction (SPE) in steroid and sterol analytics is based on a process, 
in which the steroid analytes are separated from a liquid sample matrix via a 
hydrophobic sorbent material. SPE is a sample pretreatment procedure and its two 
main purposes are to isolate the matrix and to concentrate the analytes. With a 
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careful selection of sorbent material, the benefits of SPE can be maximized, while 
simultaneously the loss of analytes and other unwanted interactions can be 
minimized. When compared to LLE, SPE is much more advantageous because it is 
faster and uses less solvent. In addition, SPE can be automatized. Furthermore, it 
is much more efficient due to variety of sorbent materials and their combinations. 
One of the most useful features of SPE is that the column itself can be used as a 
reservoir for storing the sample dry, even for years. [58] 
 
There are some requirements for the sorbent materials. First, the material has to 
allow sorption and desorption of specific compounds reproducibly and rapidly. 
Second, the material should not contain any kind of impurities. Last, the material 
should have sufficient surface area-to-volume -ratio for maximum extraction 
capacity. 
 
Stationary phases are usually prepared on silica particles bind with various kinds 
of groups, such as –C18, -C8, or -CN. Sorbents can be dived into normal phases (NP), 
reversed-phases (RP), or ion exchange phases. The last can still be divided into 
cation and anion exchange materials. Some examples of the sorbents from each one 
of the groups are presented in Table 4. Furthermore, sorbents can be divided as 
general purpose sorbents, group-selective sorbents (such as ion-exchange sorbents), 
and analyte-specific sorbents (such as molecularly imprinted polymers (MIPs) and 
immunoaffinity sorbents). 
 
Table 4. Different materials, their retention mechanisms, and examples of functional 
groups in SPE. [59, 60] 
Type Retention mechanism Sorbent material: functional 
group bind to silica 
normal phase 
 
reversed-phase 
hydrogen bond, dipole-dipole 
 
dispersion forces (van der 
Waals) 
-CN, -NH2, and in some 
cases underivatized silica 
-alkyl, -aryl 
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Table 4. Continues. 
ion exchange 
cationic 
anionic 
electrostatic, ionic  
aliphatic sulfonic acid 
aliphatic quaternary amine 
 
The pH value of the sample solution, as well as the conditioning solutions of the 
sorbents and content of eluents play a significant role in SPE – especially in ion 
exchange SPE. Changes in pH may result in different retention and elution of 
compounds and therefore it needs to be controlled. 
 
In steroid and sterol analysis, the most typical SPE columns consist of C18 or other 
similar hydrophobic and RP materials. Usually for CE-analysis, it is necessary to 
perform one SPE step as a minimal requirement for the sample. With SPE, it is 
possible to both concentrate the analytes and to remove at least some of the matrix.  
 
In the experimental part of this thesis, the steroid hormones were neutral and 
anionic (due to glucuronide conjugation) and the pH of the water samples was 7.0. 
For determining both neutral and anionic steroid hormones with specific methods, 
SPE was performed in two steps. First, the water sample was extracted with a 
polymeric reversed-phase column (Strata-X) to retain neutral steroids and to 
remove most of the hydrophilic compounds. Next, the eluate, which was collected 
in the first step, was extracted with quaternary amine (N+) sorbent to retain the 
conjugated steroids. The aim was to precisely collect the analytes, purify and 
concentrate the water samples, and to change the phase from aqueous into organic 
for easy sample handling. The compounds were eluted with ethyl acetate and 
methanol. There were some differences observed in the electropherogram profiles: 
methanol eluted more steroids but also more matrix compounds, whereas eluting 
with ethyl acetate, a clearer profile and smaller steroid concentrations were 
obtained. The SPE methodology was a modified version of the one used for urine 
samples in doping control. [61] The active sites of the sorbent materials used in this 
study are presented in Figure 23. 
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Figure 23. The chemical structures of Strata-X and quaternary amine active sites. 
 
3.2. Other sample preparation techniques 
 
Besides SPE, some other widely used pretreatment methodologies are also used for 
steroid and sterol purification and concentration. Soxhlet extraction is ideal for 
determining total lipid extract (TLE) for ∆5-sterols, stanols, and bile acids, since 
only one Soxhlet extraction procedure is needed. [62] With heating and recycling 
the solvent, even sterols that are slightly soluble in the extraction solvent, can be 
dissolved. Even though LLE might not be as effective as Soxhlet extraction, it is an 
alternative procedure, often performed as one of the steps in the pretreatment 
scheme. 
 
Official International Organization for Standardization (ISO) methods ISO 12228-
1:2014 [63] and ISO 12228-2:2014 [64] for sterol analysis include saponification, 
extraction, TLC, and derivatization steps prior to analysis. Hence, the methods are 
laborious. [65] In addition, derivatization has major drawbacks, for instance, in the 
Quaternary amine 
Strata-X 
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analysis of conjugated sterols. Moreover, since almost always both free sterols and 
their conjugates are analyzed as free sterols, it is clear that the results are not 
quantitative. [10] 
 
Examples of hydrolysis methods are enzymatic hydrolysis with β-glucuronidase 
and sulfatase. [66] Specific enzymes are added into the samples and the hydrolysis 
reaction is carried out in temperatures of 55 [66] to 60 °C [67]. However, in the 
analysis of both free and conjugated sterols, the efficiency of hydrolysis might be 
depended on the amount of the corresponding conjugated sterols. [10] 
 
LLE and other methods, used in lipid extraction, isolate sterols excellently. 
Nonpolar solvents work well and are able to extract sterols and sterol esters 
quantitatively. For instance, hexane is commonly used solvent for LLE of vegetable 
oils. [18] In supercritical fluid extraction (SFE) with carbon dioxide, the loss of 
sterols is minimal and the procedure is environmentally friendly. [11] SFE is used 
in pulp and paper industries for removing phytosterols from pulp material for the 
food industry to utilize. [11, 16] Phytosterols are obtained as a byproduct in pulp 
and paper industry. The sources are tall oil, which contains 3-7 % (w/w) mostly 
esterified phytosterols and deodorizer distillate, with up to 18 % (w/w) content, 
respectively. [16] 
 
In Table 5, some examples of the pretreatment procedures, performed prior to 
analysis, are presented. Information on the sample and the analytes of interest is 
also included. It can be seen, that the pretreatment procedures for steroids/sterols 
are similar in GC, HPLC, and CE analyses.
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Table 5. Analyte, sample (matrix), performed pretreatment procedure, and analysis method. 
Analyte Sample Pretreatment procedure Analysis method Reference 
     
androstenedione, testosterone, epitestosterone, boldenone, 
clostebol 
 
20β-hydroxyprogesterone, estrone, testosterone, estradiol, 
ethinyl estradiol, progesterone, 20α-hydroxyprogesterone 
 
testosterone, methyltestosterone, epitestosterone, nandrolone, 
gestrinone, dihydrogestrinone, tetrahydrogestrinone 
 
androstenedione, estriol, dehydroepiandrosterone sulfate, 
testosterone, dehydroepiandrosterone, estrone, progesterone, 
and estradiol 
 
aldosterone, cortisone acetate, dexamethasone, hydrocortisone, 
hydrocortisone acetate, prednisolone, prednisolone acetate, 
prednisone, triamcinolone, triamcinolone acetonide 
 
17α-hydroxyprogesterone, androstenedione, fluoxymesterone, 
progesterone, methyltestosterone, testosterone glucuronide, 
testosterone 
 
testosterone 
 
progesterone 
 
 
 
brassicasterol, 7-campesterol, campesterol, cholesterol, 
desmosterol, campesterin, ergosterol, fucosterol, lanosterol, 
sitosterol, stigmasterol 
 
testosterone, androstenedione, 17α-hydroxyprogesterone, 20α-
hydroxyprogesterone, norethindrone, progesterone 
 
adrenosterone, hydrocortisone, dexamethasone, fluocortolone 
 
urine 
 
 
fish plasma 
 
 
urine 
 
 
urine 
 
 
 
urine 
 
 
 
wastewater 
 
 
 
male urine 
 
rat testicular 
tumor cells 
(R2C) 
 
vegetable oils 
 
 
 
plasma 
 
 
equine urine 
and plasma 
LLE with n-hexane 
 
 
SPE with C18 sorbent 
 
 
SPE with C18 sorbent 
 
 
hydrolysis, 
SPE with Sep-Pak C18 
 
 
dilution of the spiked sample 
 
 
 
SPE with C18 (Strata-X) and 
quaternary amine (N+) sorbents, 
LLE with diethyl ether 
 
enzymatic hydrolysis 
 
washing with phosphate buffer, 
silylation 
 
 
saponification with KOH, 
LLE with diethyl ether 
 
 
SPE with C18 sorbent 
 
 
SPE with C8 and strong anion 
exchange sorbents, 
automated dialysis with 15 kDa 
membrane 
MEKC-UV 
 
 
MEKC-UV 
 
 
MEKC-UV 
 
 
MEKC-UV 
 
 
 
MEEKC-UV 
 
 
 
PF-MEKC-UV 
 
 
 
PF-MEKC 
 
CE-Laser-
induced 
fluorescence 
 
CEC-UV 
 
 
 
CEC-UV 
 
 
HPLC-CEC-UV 
 
[68] 
 
 
[69] 
 
 
[70] 
 
 
[66] 
 
 
 
[71] 
 
 
 
[44, 72] 
 
 
 
[67] 
 
[73] 
 
 
 
[74] 
 
 
 
[75] 
 
 
[76] 
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Table 5. Continues. 
11-dehydrocorticosterone, corticosterone, testosterone, 
deoxycorticosterone, 11-deoxycortisol 
 
 
cholesterol, sitosterol, stigmasterol, sitostanol, ∆5-avenasterol 
 
 
 
 
sitosterol, sitostanol, 18:2 sitosteryl ester, sitostanyl-18:2, 
trans-sitosteryl ferulate, trans-sitostanyl ferulate 
 
sitosterol, campesterol, stigmasterol, ∆5-avenasterol, ∆7-
stigmasterol, ∆7-avenasterol, citrostadienol 
 
 
stanols, stanones, ∆5-sterols, bile acids 
 
 
 
 
 
cholesterol, 24-metilencholesterol, campesterol, campestanol, 
stigmasterol, cholesterol, sitosterol, sitostanol, ∆5-avenasterol, 
stigmasterol, ∆7-stigmasterol, ∆7-avenasterol 
 
 
sitosterol, ∆5-avenasterol, cycloartenol, campesterol, 
stigmasterol, gramisterol 
blood serum, 
urine 
 
 
vegetable oils 
 
 
 
 
cereals 
 
 
black currant 
seed oil 
 
 
soil, 
terrestrial 
sediment 
 
 
 
olive oil 
 
 
 
 
prairie fruit 
seeds 
LLE with chloroform, 
SPE with C18 sorbent 
 
 
saponification with KOH, 
LLE with diethyl ether, 
separation by TLC, 
silylation 
 
LLE with n-hexane, 
silylation 
 
saponification with NaOH, 
extraction with cyclohexane, 
silylation 
 
Soxhlet extraction, 
saponification with KOH, 
LLE with chloroform, 
SPE with 5 % deactivated silica, 
silylation 
 
saponification with KOH, 
LLE with diethyl ether, 
separation by thin-layer chroma-
tography (TLC) 
 
LLE with chloroform-methanol 
(Folch method), 
saponification, 
silylation 
RP-HPLC-UV, 
CZE-UV, 
MEKC-UV 
 
HPLC-APCI-MS 
 
 
 
 
LC-GC-MS 
 
 
HPLC-APCI-MS 
 
 
 
GC-MS 
 
 
 
 
 
GC-FID 
 
 
 
 
GC-MS 
[77] 
 
 
 
[65] 
 
 
 
 
[78] 
 
 
[79] 
 
 
 
[64] 
 
 
 
 
 
[19] 
 
 
 
 
[80] 
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4. Analysis of steroids 
 
4.1. Gas and liquid chromatographic analysis 
 
Gas chromatography (GC) and liquid chromatography (LC) are the most common 
traditional methods for steroid mixture analysis. [81] Even though GC is widely 
used, the method itself is not straightforward. The sample pretreatment process 
with extraction and derivatization steps is time-consuming and might not be 
repeatable. Derivatization is typically required to enhance volatility and thermal 
stability of steroid fraction, which basically includes all neutral and conjugated 
steroids. This also means that an indirect method is needed for the analysis of 
conjugated forms. [2] Acylation or silylation are commonly used derivatization 
agents. [81, 82] Improvements have been searched for gas chromatography - mass 
spectrometric (GC-MS) methods. The most notable example of this is to find more 
suitable and selective derivatization techniques. With those, it would be possible to 
achieve increased yield, stability of the derivatized compounds, and repeatability. 
[82, 83] 
 
In LC, steroids have been derivatized prior to detection and quantitation by ESI-
MS resulting in particularly low concentrations. The use of S-pentafluorophenyl 
tris(2,4,6-trimethoxyphenyl) phosphonium acetate bromide and (4-hydrazino-4-
oxobutyl) [tris(2,4,6-trimethoxyphenyl)]phosphonium bromide for the modification 
of steroidal alcohols, aldehydes, and ketones has been reported. [84] Another 
popular method is the hydrolysis of sterol esters following by capillary GLC 
analysis of total sterols as the initial form or as their trimethyl or acetyl derivatives. 
 
There are some difficulties in analyzing steroids with GC and therefore high-
performance liquid chromatography mass spectrometric (HPLC-MS) and tandem 
mass spectrometric (HPLC-MS-MS) techniques are used for large sample sets of 
varying compounds or complex matrices. [82] However, the progress in GC methods 
is fast. For instance, a two-dimensional gas chromatography-time-of-flight mass 
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spectrometry (GC-TOF-MS) was used in the non-targeted screening methodology 
of steroids in wastewater samples. [85, 86] The steroid classes of interest were 
androstanes, pregnanes, estranes, and cholestanes. Epiandrosterone, estrone, 
estradiol, testosterone, ethinyl estradiol, and estriol were used as chemometric 
models for evaluating and then quantifying data. With the respective models, the 
existence and concentrations of steroids of each group were determined, without 
the need for using separate standards for all analytes of interest.  
 
The samples were filtered water and suspended solid particles. The two types of 
samples were influent (untreated) and effluent (treated) wastewater samples. Both 
influent and effluent samples were collected from 10 different wastewater 
treatment plants (WWTP) in the cities Espoo, Helsinki, Joensuu, Kajaani, Kouvola, 
Mikkeli, Pori, Porvoo, Turku, and Uusikaupunki. Elimination of steroidal 
compounds was reported to be almost 100 % during the wastewater treatment 
processes. [85, 86] 
 
The advantage of HPLC over GC is also that conjugated steroids can be 
simultaneously analyzed with neutral steroids using UV, electrochemical, and 
fluorescence detectors. Forensic samples, for instance, can be analyzed by HPLC 
using ultraviolet-visible (HPLC-UV/Vis) detection. [87] The corresponding method 
was used for example in the analysis of water suspensions and herbal 
capsule/tablet drugs. The analytes of interest were anabolic steroids, namely 
fluoxymesterone, methyltestosterone, testosterone acetate, methenolone acetate, 
testosterone propionate, nandrolone phenpropionate, testosterone cypionate, 
boldenone undecylenate, nandrolone, decanoate, and testosterone decanoate. The 
detection was performed using the wavelength of 243 nm. [87] 
 
To compare GC and LC techniques, it is not clear that which one of them is more 
advantageous. Anyhow, for practical reasons it may be simply the matter of the 
type of the sample. Table 6 presents some of the most notable differences when GC 
and LC methods are compared. 
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Table 6. GC-MS and HPLC-MS methods are compared from the aspect of steroidal 
compound analysis. [83] 
Factor GC-MS LC-MS 
sample 
steroids 
 
pretreatment 
sensitivity 
throughput 
simple matrixes 
only volatile compounds 
free, derivatized 
derivatization required 
high 
moderate 
complex matrixes 
non-volatile compounds 
free, conjugated 
no derivatization 
moderate 
high 
 
4.2. Capillary electrophoretic analysis 
 
Many studies report the use of MEKC in the separation of steroidal compounds. 
For instance, when separation conditions for the analysis of anabolic steroids were 
created, the focus was on optimizing micellar solution for quantitative purposes to 
aid the separation of hydrophobic and structurally similar analytes. [67] The 
corresponding solution consisted of sodium dodecyl sulfate and sodium 
taurocholate. Ammonium acetate was used as the base electrolyte solution. The 
capillary electrophoresis instrument was coupled to ion trap electrospray ionization 
- mass spectrometer (ESI-MS). Separation was achieved in less than 14 minutes 
for UV-detection at 274 nm (Figure 24) and MS-detection with mass-to-charge ratio 
(m/z) of 50-800. The PF-MEKC method was designed for effortless ESI-MS 
coupling. [67] 
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Figure 24. PF-MEKC separation of anabolic androgenic steroids at concentrations of 1-4 
µg/mL. The analytes are (1) ﬂuoxymesterone, (2) androstenedione, (3) metandienone, (4) 
testosterone, (5) methyltestosterone, (6) 17-epimetandienone, and (7) taurocholate. 20 mM 
ammonium acetate (pH 9.5) was used as BGE and the micelle consisted of 29.3 mM SDS, 
1.1 mM sodium taurocholate, and 6.7 % methanol, prepared into the respective BGE. The 
micelle was injected at 34 mbar pressure for 99.9 s and the sample at 34 mbar for 5 s, 
respectively. Fused-silica capillary of 80 cm (effective length of 70 cm) was used in 22 °C 
temperature and with separation voltage of +25 kV. Detection at 247 nm. [67] Reprinted 
with permission from Elsevier. 
 
Another example about the use of MEKC is the separation of corticosteroids. [41] 
Tripropylhexadecylammonium bromide (C16TPAB) and tributylhexa-
decylammonium bromide (C16TBAB) were used as cationic surfactants for the 
separation. The analytes were successfully separated without need for adding 
organic solvents or other co-surfactants. However, because of the reduced EOF, the 
analysis times increased. [41] Cetyltrimethylammonium bromide (CTAB) can also 
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be used as the cationic surfactant, as described in Ref. [88]. The corresponding 
study dealt with hydrophobic steroid hormones, namely androgens, estrogens, 
progestins, and glucocorticoids were analyzed. The optimized method enabled the 
determination of cortisone, hydrocortisone, estriol, testosterone, estrone, 
progesterone, and estradiol. 
 
Corticosteroids have been studied in many projects. They were also the target 
compounds in the comparison of MEKC and MEEKC method performances. [71] 
The separated analytes were aldosterone, cortisone acetate, dexamethasone, 
hydrocortisone, hydrocortisone acetate, prednisolone, prednisolone acetate, 
prednisone, triamcinolone, and triamcinolone acetonide. It was found that 
microemulsion consisting of SDS diethyl L-tartrate at pH 7.0 was applicable in 
separating corticosteroid. As a result, a better separation was achieved with 
MEEKC than with MEKC, when using the respective surfactants. 
 
The analysis of anabolic androgenic steroids in urine was performed using SDS in 
MEKC-UV. [68] The steroids of interest for detection were androstenedione, 
testosterone, epitestosterone, boldenone, and clostebol. The research was carried 
out with a specific methodology of sweeping CE, including full-capillary injection of 
the sample and MEKC. All urine blank samples were from volunteers. Internal 
standard, propyl paraben (1,000 µg/mL), and analytes were added into some of the 
blank samples. The human (blank/spiked) urine samples were purified with liquid-
liquid extraction (LLE), using n-hexane prior CE analysis. The stacking method 
provided 108-175-fold improvement in sensitivity. The calibration concentrations 
of the steroids were 0.05-1.00 µg/mL in method validation. The method was 
specifically designed for doping testing of urine samples. 
 
Steroid hormones in fish plasma were also studied with CE. The determination was 
performed using SDS micelles in MEKC. [69] The detection wavelengths were 200 
nm for estrogens and 254 nm for androgens and progestogens. Fused-silica 
capillary (i.d. 25 µm, o.d. 360 µm) of 30 cm and effective length of 19.8 cm was used 
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alongside with the temperature of 25 °C. In the sample pretreatment, the sample 
was extracted in ethyl acetate. Quaternary amine (N+) columns were used in the 
solid phase extraction step in order to remove fatty acids. Then, the eluted solution 
was extracted with C18 extraction sorbent to separate all hydrophobic steroids. It 
was demonstrated that solid phase extraction is effective enough to concentrate 
analytes and to remove matrix, even from demanding samples. Finally, estradiol, 
testosterone, and 20β-hydroxyprogesterone were quantified.  The identified 
compounds were estradiol, testosterone, and 20β-hydroxyprogesterone, ethinyl 
estradiol, progesterone, 20α-hydroxyprogesterone, and estrone. The method 
showed potential in steroid monitoring from environmental samples. 
 
Androgenic steroids nandrolone, epitestosterone, testosterone, gestrinone, 
methyltestosterone, dihydrogestrinone, and tetrahydrogestrinone have been 
studied after LLE from urine with MEKC-UV method using tetraborate -
complexing and taurocholate-micellar mixture in the separation of the non-ionic 
steroid hormones (Figure 25). [70] In the corresponding study, C18 sorbents were 
used in SPE, but now as creating a blank urine matrix for steroids. 
Electrophorograms of blank urine sample matrixes and spiked urine matrixes 
(after LLE) were monitored at the UV-wavelengths of 254 and 340 nm. The limit 
of detection values were too high for real urine sample measurements after LLE 
sample pretreatment. Therefore, the study was made with spiking the samples in 
order to detect 1 µg/mL concentrations. 
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Figure 25. MEKC-UV electropherograms of blank urine sample matrix (a and b), spiked 
urine sample after LLE (c and d), and standard sample (e and f). The analytes, starting 
from the leftmost peak, are nandrolone, epitestosterone, testosterone, gestrinone, 
methyltestosterone, dihydrogestrinone, and tetrahydrogestrinone. BGE: 200 mM borate–
50 mM borax buffer (pH 8.6) with 40 mM sodium cholate additive. Separation with +30 kV 
in 15 °C. Detection at 254 (for a, c, and e) and 340 nm (for b, d, and f). Sample was injected 
with 34.5 mbar pressure for 10 s. [70] Reprinted with permission from The Royal Society 
of Chemistry. 
 
The electrophoretic separation was performed with uncoated fused-silica capillary 
at the temperature of 15 °C and separation voltage of +30 kV. The UV detection 
wavelengths were 254 and 340 nm. The EKC additive, sodium cholate, helped to 
separate all compounds in 16 minutes. The spiked samples had concentration of 
0.3 µg/mL, which is similar to the samples analyzed for doping detection. [70] In 
World Anti-Doping Agency (WADA) requirement, the sample concentration needs 
to be at least 0.005 µg/mL. [89] It was also noted that in case of lower analyte 
concentrations, preconcentration needs to be utilized. In conclusion, it was 
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suggested that this method could be advantageous in similar analyses, such as for 
doping detection, where fast, simple, and effective methods are pursued. 
 
One of the most intriguing examples of MEKC is the separation of steroids using 
microchips. A high-separation of progesterone, 17α-hydroxyprogesterone, 
cortexolone, hydrocortisone, and cortisone was demonstrated in Ref. [90]. The 
separation was achieved in stunning 70 seconds, using optimized microfluidic 
parameters and on-chip performed MEKC. [90] Samples of 100 µg/mL were 
analyzed in sodium cholate-tetraborate (pH 9.0) BGE solution. Sodium cholate was 
both the component of the BGE and the surfactant. In addition, they used 0.1 % 
methylcellulose in the BGE for improving the separation and γ-cyclodextrin for 
reducing the analysis time. 
 
Development in MEKC separation is continuing. For instance, new separation 
technique is revealed in Ref. [66] In the corresponding research, steroid hormones 
from human urine were separated using polymeric-mixed micelle. The mixture 
contained two surfactants cholic acid and sodium dodecyl sulfate and also polymer 
poloxamine Tetronic® 1107. Hydrocortisone, androstenedione, estriol, 
dehydroepiandrosterone sulfate, testosterone, dehydroepiandrosterone, estrone, 
progesterone, and estradiol were quantified.  The method was sensitive enough to 
detect the steroids at 0.005-0.045 µg/mL levels. The sample pretreatment steps, 
used in their research, were hydrolysis (conjugated steroids are transformed into 
free steroids; then all free steroids can be separated from other water-soluble 
compounds in urine) and SPE, using Sep-Pak C18 sorbent cartridges. [91] 
Separation was performed in an uncoated fused-silica capillary with the effective 
length of 40 cm. The temperature was 25 °C and voltage +18 kV. The detection 
wavelengths were 210 nm and 254 nm. 
 
Because in MEKC the sensitivity is not as high as in CZE, an in-line modified 
concentration step can be created to enhance the detectability of steroid hormones. 
The targeted compounds progesterone, 11-deoxycortisol, 17α-hydroxyprogesterone, 
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deoxycorticosterone, corticosterone, 11-dehydro-corticosterone, cortisone, and 
hydrocortisone were determined with a MEKC method [57], optimized at voltage of 
-25 kV in phosphoric acid (pH 2.5) containing SDS and urea. It was found that the 
stacking improved the limit of steroid detection by 15-35-fold, whereas the 
sweeping technique increased it even by 100-600-fold. The limits of detection 
obtained were 2.5-3 µg/mL. In addition, a high-sensitivity stacking-MEKC method 
was invented for trace amounts of neutral compounds. [92] The respective method 
was suitable for sample preconcentration and an improvement of 1,000-3,000-fold 
was achieved. What is more, the method does not limit the sample volume. Stacking 
was used in the quantification of steroids from biological samples. [93] It was 
reported, that with stacking, a change (from 50 to 5 mM) in CAPS electrolyte 
solution concentration was observed. In addition, limits of detection of 0.0002-0.002 
µg/mL (0.8-6 nM) in the CE-UV analysis of steroids. [93] 
 
Also sweeping MEKC-UV method for solving migration order of progesterone, 17α-
hydroxyprogesterone, 11-deoxycortisol, corticosterone, cortisone, and 
hydrocortisone was presented. [94] The anionic surfactants were SDS, sodium 
dioctyl sulfosuccinate, and polyethylene (30) stearyl ether (sulfonated Brij-30). 
Respectively, the cationic surfactants were octyltrimethylammonium bromide, 
tetradecyltrimethylammonium bromide, and cetrimonium bromide. Anionic 
surfactants provided better limits of detection than the cationic surfactants. With 
SDS, the LOD was 1.0-1.9 µg/mL and with tetradecyltrimethylammonium bromide, 
the range was 2.0-5.0 µg/mL, respectively. Therefore, anionic surfactants were used 
for the optimal separation results. The electrolyte solution was 30 mM phosphate 
buffer in ACN/water (25:75, v/v) at pH 2.0. The steroid mixtures of 50 µg/mL were 
prepared into 20 or 60 mM phosphate buffer. First, only MEKC method was tested 
for estimating the migration order of the steroids. When sweeping was applied to 
MEKC, the limits of detection improved from µg/mL to 0.001 µg/mL levels, while 
the migration order was unchanged. 
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CEC is rather powerful method for steroid analysis, having efficiencies compared 
to LC. [50] On-line coupled with CE using capillary electrochromatography-mass 
spectrometry (CEC-MS), even 100,000 theoretical plates can be calculated. [95] The 
amount is typically 8,000 in high-performance liquid chromatography (HPLC). [96] 
The use of macroporous, monolithic materials, hydrophobic stationary phase, and 
ion trap has been reported. [95] The standard steroids were androsterone, 11β-
hydroxyandrosterone, 5α-androstan-17-one, 19-hydroxyandrostenedione, 
dehydroisoandrosterone, estrone, equiline, and progesterone and their separation 
is presented in Figure 26. 
 
 
Figure 26. The separation of derivatized neutral steroids from urine. 1 labeling reagent, 2 
11β-hydroxyandrosterone, 3 dehydroisoandrosterone, 4 estrone, and 5 androsterone 
(spiked). Mobile phase ACN–water–240 mM ammonium formate buffer (pH 3.0) (35:60:5 
and 65:30:5, v/v/v) and field strength 600 V/cm. Sample injection with 100 V/cm for 10 s. 
[95] Reprinted with permission from Elsevier. 
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With the previous setting, steroids and their glucuronide conjugates were 
separated with good column efficiency. [95] In addition, both isocratic and gradient 
elution could be optimal, when used for improving the performance of the sorbents 
in the separation. The capillary was filled with the gel to one-half of the optical 
window. The rest of the capillary was coated with linear polyacrylamide, which 
helps in decreasing band broadening and bubble formation. [95] 
 
ESI-MS was coupled to CE instrument for the analysis of androsterone, 11β-
hydroxyandrosterone, estrone, equiline, 5α-androstan-17-one, androstenedione, 
dehydroisoandrosterone, and progesterone. The nanospray interface consisted of 
nanospray needle (10 µm orifice), which was prepared by tapering fused silica (i.d. 
250 µm and o.d. 360 µm). The separation capillary (i.d. 100 µm and o.d. 165 µm) 
outlet was carefully placed inside the needle. Sheath liquid of acetonitrile/water/ 
240 mM ammonium formate buffer (50:45:1, v/v/v) at +1 to +2 kV voltage was used 
not only for creating electric circuit between the capillary and the needle, but also 
for stabilizing pH 3.0 for positive-ion electrospray ionization. [95] 
 
The analysis resulted in limit of detection (LOD) at femtomole level. Unlike in 
micellar CE, in CEC high amounts (40-80 %) of organic solvents can be easily used 
for enhancing selectivity. Examples of these solvents are acetonitrile, 
tetrahydrofuran, and methanol. [97] 
 
The analysis of oxosteroids has been performed [98] in nano-ESI-MS mode. LODs 
of 0.0025 µg/mL, 0.0050 µg/mL, and 0.0250 µg/mL were achieved for the oxime 
forms of progesterone, pregnenolone, and dehydroepiandrosterone, respectively. 
These limits are approximately 20 times lower when compared to the initial, 
underivatized, form of the same steroids. For even better results, collision-induced 
dissociation (CID) could be used for biological samples when analyzing neutral 
oxosteroids. [98] 
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There are many methods for GC-MS [83, 85, 86, 99] and HPLC-MS [83, 100, 101, 
102], which are used for analyzing steroid contents from environmental waters. As 
the trend for analyses has gone toward determining significant compounds in small 
concentrations, alternative separation and detection methods are seeked. In CE it 
is possible to analyze steroids without any complicated sample pretreatment, such 
as derivatization. Usually steroid research handles the analysis of androgenic or 
estrogenic steroids in urine but there is also a growing interest to detect them from 
environmental samples. 
 
Many results are obtained using UV detection. Because of the chromophore groups 
in the structure, steroids are detected with UV. The most common chromophore 
groups are ethylene, carbonyl, and carboxyl. They absorb at 170-200 nm range, 
which might be a problematic detection range with some spectrophotometers. On 
the contrary, steroid carbonyl has a strong absorption also at 280 nm. [103] In 
addition, benzene structure has strong absorption at 184 nm and 203 nm. For 
instance, in estrogens, the ring A is aromatic. [104] 
 
MS detection is commonly used because of the high resolution that it provides in 
the analyses. There is an extensive electron ionization (EI) mass spectra library of 
National Institute of Standards and Technology (NIST) that has the fingerprints 
of enormous amount of compounds. In the mass spectra library, the energy of 70 
eV is used for accelerating the electrons. [105] It follows that the ionization occurs 
reproducibly and the results are comparable, even with different instruments. 
Hence, 70 eV is chosen for identifying unknown analytes. Even though there are 
no libraries for other ionization techniques, many researchers have published 
experimentally obtained results, which then can be used as a reference. 
 
In forensic sciences, EI spectra are still a determinative factor in identifying 
unknown compounds. [106] In addition, because of the characteristic 
fragmentation of different compounds, they are separated with MS even if not 
separated with chromatographic or electromigration process. 
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To sum up the capillary electrophoretic separation modes, namely CZE, MEKC, 
MEEKC, PF-MEKC, and CEC, Table 7 presents an example of each mode. The 
mode, analytes, BGE composition, separation voltage, temperature, and detection 
are tabulated.
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Table 7. CE mode, analytes, running buffer, pseudostationary-phase/stationary and mobile phases, separation voltage/field 
strength, detection, and corresponding reference 
CE 
mode 
Analyte Running buffer 
composition 
Separation voltage 
[kV]/ 
Field strength [V/cm] 
Temperature 
[°C] 
Detection Reference 
CZE hydrocortisone, cortisone, 
11-dehydrocorticosterone, 
corticosterone, 
testosterone, 
deoxycorticosterone, 
11-deoxycortisol, 
prednisolone, cortisone 
acetate, fludrocortisone, 
dexamethasone 
 
Running buffer: 6.25 
mM sodium 
tetraborate (pH 9.3), 
1.0-6.0 mM of sulfo-β-
cyclodextrin 
+20 ambient 
temperature 
UV: 254 
nm 
[77] 
MEKC progesterone, cortisone 
11-deoxycortisol, 
17α-hydroxyprogesterone, 
deoxycorticosterone, 
corticosterone, 
11-dehydrocorticosterone, 
hydrocortisone 
Running buffer: 25 
mM phosphate buffer 
(pH 2.5), 15 mM SDS, 
and 7 mM urea 
 
Stacking: 5 mM β-
cyclodextrin 
-25 ambient 
temperature 
UV: 254 
nm 
[57] 
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Table 7. Continues. 
PF-
MEKC 
17α-hydroxyprogesterone, 
androstenedione, 
fluoxymesterone, 
progesterone, testosterone, 
methyltestosterone, 
testosterone glucuronide,  
Running buffer: 20 
mM ammonium 
acetate (pH 9.68) 
 
Pseudo-stationary 
phase: 1,000 µL BGE, 
440 µL 100 mM SDS, 
and 50 µL 100 mM 
sodium taurocholate 
 
+25 20 UV: 247 
nm 
[44, 72] 
MEEKC  cortisone acetate, 
dexamethasone, 
hydrocortisone, 
hydrocortisone acetate, 
prednisolone, prednisone, 
prednisolone acetate, 
triamcinolone, 
triamcinolone acetonide 
 
Running buffer: 40 
mM phosphate buffer 
(pH 7.0)–ACN–SDS–1-
butanol–diethyl L-
tartrate 
(89.6:7:1.7:1.2:0.5, 
w/w/w/w/w) 
+10 ambient 
temperature 
UV: 254 
nm 
[71] 
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Table 7. Continues. 
CEC androsterone, estrone, 
11β-hydroxyandrosterone, 
5α-androstan-17-one, 
19-hydroxy-
androstenedione, 
progesterone, equiline, 
dehydroisoandrosterone,  
Stationary phase: 
(hydrophobic) 
macroporous acrylic, 
monolithic material 
Mobile phase: ACN–
water–240 mM 
ammonium formate 
buffer (pH 3.0) 
(55:40:5, v/v/v) 
600 V/cm ambient 
temperature 
MS: 
range 
650 amu 
[95] 
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5. Analysis of sterols 
 
5.1. Gas and liquid chromatographic analysis 
 
The separation power of different techniques for sterol analysis is GC/CEC > HPLC 
> supercritical fluid chromatography (SFC). [11, 106] Even though CEC seems to 
be worth choosing for sterol analysis. It is known that GC-MS, gas chromatography 
flame ionization detector (GC-FID) or HPLC with varying detector combinations 
are usually the most popular and practical. GC has more potential in resolving 
complicated mixtures than CEC. [11] HPLC has lower efficiency than GC, but it 
has more options for analyzing oxidized compounds. In addition, even though 
HPLC analysis is quite costly, again, it has wide choice of mobile phases, which 
enables the possibility to widen the method validation. To use the micro-column LC 
technique, which requires only small sample volumes and works with low flow 
rates, can be alternatively an option. [107] 
 
Because of the strong lipophilicity of sterols, it has been found that HPLC-MS using 
atmospheric pressure chemical ionization (APCI) is the most applicable. This 
technique works in different sample matrices. Some examples are the 
determination of cholesterol in foods, sterols in oils, and ergosterol levels in 
bulrush. [65] For instance, cholesterol and fatty acid esters were separated in a 20 
cm x 100 µm column. The mobile phase consisted of tetrahydrofuran-acetonitrile-
tris(hydroxymethyl)aminomethane (THF-ACN-Tris) (35:60:5, v/v/v) and the 
detection wavelength was set at 200 nm. [11] One disadvantage of HPLC is the low 
column efficiency due to the need of an external pressure to transfer analytes with 
mobile phase. [11] 
 
Current GC and HPLC methods are not capable for analyzing different kinds of 
sterols and their conjugates in one analysis. This is due to the need for optimizing 
the methods, only focused on finding a couple of specific sterol classes. [10] Besides 
GC and HPLC, also column chromatography (CC) and thin-layer chromatography 
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(TLC) are used. There are many possibilities for detection: UV, FID, evaporate light 
scattering detection (ELSD), nuclear magnetic resonance (NMR), infrared (IR), and 
finally MS. [11]  
 
5.2. Capillary electrophoretic analysis 
 
A research on sterols from vegetable oils was reported. [74] The separation of 
different plant sterols was studied with CEC capillaries packed with sorbents, 
functionalized with octadecylsilica (C18) and triacontylsilica (C30) chains. The 
analytes investigated were brassicasterol, 7-campesterol, campesterol, cholesterol, 
desmosterol, campesterin, ergosterol, fucosterol, lanosterol, sitosterol, and 
stigmasterol. In addition, also acetates and benzoates of the respective plant sterols 
were studied.  The mobile phases were prepared from acetonitrile, tetrahydrofuran, 
and tris(hydroxymethyl) aminomethane in water or as a non-aqueous solution. 
Analyte monitoring was made with an UV detector at wavelengths of 210, 230, and 
330 nm. The sample was pretreated in 1 M KOH in ethanol solution overnight. 
Then liquid-liquid extraction (LLE) was performed using diethyl ether. After 
removal of organic solution, the remaining compounds were streaked onto silica 
plate and separated with hexane-diethyl ether eluent. Finally, the analytes were 
extracted with chloroform-diethyl ether solution. 
 
It was noticed that C18-silica stationary phase in aqueous mobile phase, gave 
elution order related to sterol hydrophobicity and also the most optimal separation 
results were obtained. The separation of sterols in standard and purified canola oil 
sample is presented in Figure 27. 
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Figure 27. Electropherograms of sterol standard mixture and canola oil sample. (A) sterol 
standards with the analytes: 1 lanosterol, 2 ergosterol, 3 dihydrolanosterol, 4 
brassicasterol, 5 stigmasterol, 6 campesterol, and 7 sitosterol. (B) canola oil sample with 
the analytes: 1 brassicasterol, 2 stigmasterol (spiked), 3 campesterol, and 4 sitosterol. The 
stationary phase was octadecylsilica and the mobile phase was 25 mM Tris buffer (pH 8.0). 
The separation voltage was +20 kV and the temperature 25 °C. Sample injection with +10 
kV for 2 s. The detection wavelength was 210 nm. [74] Reprinted with permission from 
Elsevier. 
 
Only non-aqueous mobile phases are to be used with C30-silica phase in order to 
avoid solute precipitation and broad peaks. [74] C30-silica did not give any elution 
trend of sterols when compared to the results with C18-silica (both in non-aqueous 
mobile phase). This is caused by the unpredictable retaining strength of C30-silica 
phase on different sterols. For instance, the stigmasterol and sitosterol were eluted 
in the respective order with C18-silica. However, the order was the opposite in C30-
silica. Stigmasterol was retained more strongly by this phase, even though it is 
more hydrophilic than sitosterol. [74] To conclude, cholesterol and stigmasterol 
were just barely separated. Campesterol and stigmasterol were easily separated 
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with both C18-silica and C30-silica stationary phase. The same pair was noticed to 
be challenging to separate also in HPLC technique. [74] The differences of C18- and 
C30-silica columns are presented in Figure 28. 
 
 
Figure 28. Electropherograms of separation of sterols in vegetable oils. Separation results 
of purified γ-oryzanol with (A) triacontylsilica (C30) and with (B) octadecylsilica (C18). The 
ferulated sterols/stanols in (A): 1 cycloartenol, 2 24-methylenecycloartanol, 3 cycloartanol, 
4 campesterol, 5 epicampesterol, and 6 sitosterol. The ferulated sterols/stanol in (B): 1 
cycloartenol, 2 24-methylenecycloartanol, 3 campesterol, 4 epicampesterol + sitosterol, 5 
cycloartanol, and 6 sitostanol. Conditions same as in Figure 27 and detection at 330 nm. 
[74] Reprinted with permission from Elsevier. 
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Cholesterol and its 12 derivatives were separated from a mixture of the 
corresponding sterols. [97] Separation efficiency was enhanced by pH adjustment 
with trifluoroacetic acid. The pH of the 25 mM Tris buffer– tetrahydrofuran–
acetonitrile (35:60:5, v/v/v) was set as 8.0 (the pKa value of Tris is 8.1). [108] In 
addition, the effect of polymeric surfactant, poly(sodium N-undecanoyl-L-glycinate) 
(poly SUG), on the separation of the analytes was studied (Figure 29.) 
 
 
Figure 29. The effect of poly SUG on the CE separation of cholesterol and its 12 ester 
derivatives. Analytes: 1 cholesterol, 2 cholesteryl acetate, 3 cholesteryl butyrate, 4 
cholesteryl pentanoate, 5 cholesteryl hexanoate, 6 cholesteryl heptanoate, 7 cholesteryl 
octanoate, 8 cholesteryl nonanoate, 9 cholesteryl decylate, 10 cholesteryl dodecanoate, 11 
cholesteryl palmitate, 12 cholesteryl oleate, and 13 cholesteryl linoleate. BGE 5 mM Tris 
buffer– THF–ACN (35:60:5, v/v/v) (pH 8.0) (a and b), 5 mM poly SUG in (b). Fused-silica 
capillary of 20 cm (100 µm i.d.), packed with 3 µm octadecylsilica (C18) media, was used. 
Separation with +30 kV and in 25 °C. UV-detection at 200 nm. [97] Reprinted with 
permission from American Chemical Society. 
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After separating the analytes from their mixture, the method was demonstrated on 
crude extract samples from atherosclerotic plaque of a human aorta. The 
separation results are presented in Figure 30. 
 
 
Figure 30. Crude extract sample from atherosclerotic plaque of a human aorta. The 
analytes: 1 cholesterol, 12 cholesteryl oleate, and 13 cholesteryl linoleate. Conditions same 
as in Figure 29 (b) except capillary length was 25 cm. [97] Reprinted with permission from 
American Chemical Society. 
 
Even now, it is still very challenging to analyze phytosterols mixed with 
nonsaponifiable compounds in complex food lipid matrices. Inclusive background 
information from the extraction, isolation, and separation plan is needed for 
reliable analysis. For example, it is important to prevent sterols from oxidation. 
Therefore, oxygen is usually removed by replacing it by nitrogen. On the contrary, 
there is a study performed specifically for CEC analysis of cholesterol oxidation 
products. Fused-silica capillaries coated with phenol and dimethylsiloxane were 
used. [97] The analytes of interest were cholesteryl heptanoate, cholesteryl oleate, 
cholesteryl decylate, cholesteryl nonanoate, cholesteryl acetate, cholesterol, 
cholesteryl palmitate, cholesteryl dodecanoate, cholesteryl linoleate, cholesteryl 
butyrate, cholesteryl pentanoate, cholesteryl hexanoate, and cholesteryl octanoate. 
 
 66 
 
In addition, sterols are hydrophobic and have poor aqueous solubility in their initial 
form. Sterols of C2-C14 can be separated with CZE but larger molecules require 
MEKC or high organic solvent environment. Typical organic mobile phases include 
methanol, acetonitrile, dimethylformamide, and tetrahydrofuran. The use of 
organic or partly organic electrolytes results in even more quantitative 
determination of structurally similar analytes. However, in MEKC, organic 
solvents reduce micelle formation and diminish micelle size. [107] Another 
disadvantage is the extreme hydrophobicity of sterols. For instance, the analysis of 
cholesterol and its ester derivatives is extremely challenging with MEKC because 
they are extremely hydrophobicity and are not soluble into normal CE buffers. 
Compounds bind to the most common surfactant, SDS, and coelute at the migration 
time of the micelle. A small amount of organic solvent or urea might be helpful. [97] 
Although, besides reducing micelle size, organic solvents may also mask detection 
(for example cholesterol ester) at low wavelengths. In addition, bile salts were used 
for enhancing separation of highly hydrophobic analytes. [109] 
 
Derivatization of sterols is also an option. It helps with forming ionisable, 
detectable, derivatives. A derivatization of phytosterols was developed for CE 
purposes. [110] The derivatives had a positive charge and absorbance at 284 nm 
(pyridinium group). 20 mM ammonium acetate methanol-acetonitrile-acetic acid 
(50:49:1, v/v/v) buffer was used. The buffer also helped with the solubilizing of 
phytosterol derivatives. [110] 
 
The determination of cholesterol in food samples was performed by capillary 
electrophoresis. [111] The samples were saponificated using the Sim and Bragg 
method [111] and phase separation was performed. The organic phase was collected 
and evaporated after which the remaining compounds were dissolved into the 
buffer, which was 100 mM sodium acetate – acetic acid (19:1, v/v). The separation 
voltage was set to +23.5 kV and the detection wavelength was 210 nm. The 
differences in the electropherograms with and without saponification are presented 
in Figure 31. 
 67 
 
 
 
Figure 31. The electropherograms of egg yolk samples (a) without and (b) with 
saponification. Running buffer was 100 mM sodium acetate – acetic acid (19:1, v/v) in 
MeOH. The fused-silica capillary of 47 cm (50 µm i.d.) was used. The separation was 
performed with +23.5 kV voltage and detection at 210 nm. [111] Reprinted with permission 
from Elsevier. 
 
The method was proven to be sensitive and accurate. In addition, it was rapid when 
compared to colorimetric analyses. The method can be used as a guideline for 
creating even more optimized methods for analyzing similar compounds in food. 
The analysis of sterols with CE is laborious but with this technique, it is possible 
to achieve good sensitivity. HPLC might be reliable technique but with new CE 
applications, something unimaginable can be created. CE techniques need still 
development and optimization. However, the new techniques MEEKC and CEC 
look promising for the analysis of extremely hydrophobic compounds. 
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To sum up, Table 8 compiles different CE modes with the corresponding separation 
conditions. Analytes, properties of stationary and mobile phases/running buffer, 
voltage, and temperature are presented.
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Table 8. CE mode, analytes, stationary and mobile phases/running buffer, separation voltage, detection, and corresponding 
reference. 
CE 
mode 
Analyte Stationary and mobile phases/ 
running buffer 
Separation 
voltage 
[kV] 
Temperature 
[°C] 
Detection Reference 
CEC Brassicasterol, 
campesterol, cholesterol, 
desmosterol, ergosterol, 
dihydrobrassicasterol, 
fucosterol, lanosterol, 
sitosterol, stigmasterol 
(and respective acetates 
and benzoates) 
 
Stationary phase: octadecylsilica 
(C18) and triacontylsilica (C30) 
 
Mobile phase: ACN–THF–25mM 
Tris buffer (pH 8.0) (60:35:5, 
v/v/v) 
+20 25 UV: 210 
and 230 
nm 
[74] 
CEC cholesteryl heptanoate, 
cholesteryl oleate, 
cholesteryl decylate, 
cholesteryl nonanoate, 
cholesteryl acetate, 
cholesteryl palmitate, 
cholesteryl dodecanoate,  
Stationary phase: 3 µm 
octadecylsilica (C18) 
 
Mobile phase: ACN–THF–25 mM 
Tris buffer (pH 8.0) (60:35:5, 
v/v/v) 
 
 
+25 25 UV: 200 
nm 
[97] 
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Table 8. Continues. 
 cholesteryl linoleate, 
cholesteryl butyrate, 
cholesteryl pentanoate, 
cholesteryl hexanoate, 
cholesteryl octanoate, 
cholesterol 
 
Organic modifier: 5 mM  
poly(sodium N-undecanoyl-L-
glycinate) 
    
Non-
aqueous 
CE 
cholesterol Running buffer: 100 mM sodium 
acetate–MeOH–acetic acid 
(19:80:1, v/v/v) 
+23.5 25 UV: 210 
nm 
[111] 
 71 
 
6. Conclusions 
 
In the analysis of steroids, there are multiple chromatographic methods to choose 
from. First, GC can be used for a straightforward procedure, even though it might 
be somewhat laborious. One has to keep in mind that with GC it is not possible to 
analyze steroids and their conjugates in one run. In addition, derivatization needs 
to be used. That brings us to HPLC. It is advantageous to GC in many respects. 
First, with HPLC the whole process of derivatization can be avoided. Second, 
conjugated steroids can be analyzed simultaneously with the respective free forms. 
However, the reduced selectivity comes as a drawback and is in almost every case 
the bottleneck. 
 
Free steroids can be analyzed with CE only if micelles, microemulsion, or some 
other kind of PSP is used. Otherwise, the neutral compounds do not separate and 
migrate to the detector at the same time as EOF is detected. On the other hand, 
conjugated steroids are charged molecules and they can be analyzed with plain CZE 
but also simultaneously with MEKC or MEEKC analysis of free steroids. 
 
In the chromatographic analysis of sterols, GC is often the method of choice. 
Generally, it has higher resolution for complicated matrices than CEC. HPLC 
analysis is less effective than CEC or GC but it is versatile for analyzing oxidized 
sterols. HPLC has moderately low column efficiency due to the need of external 
pressure source for transferring analytes. However, when MS is coupled to HPLC, 
it can be remarkable – as in the case of HPLC-APCI-MS. Still, there are limitations. 
Both GC and HPLC are simply not suitable for analyzing complicated sterol class 
mixtures and their respective conjugates. That is why CE can be the solution. Often 
laborious sample pretreatment is compensated with the excellent sensitivity that 
CE provides. Typical techniques for sterol analysis are CEC and MEKC. 
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II. Experimental part: Partial filling micellar electrokinetic 
chromatography in separation of human steroid hormones in 
water samples 
 
7. Introduction 
 
Steroids are used in countless medical treatments and for patients suffering from 
different deceases. For example, they are used in cancer treatment, infertility and 
birth control, and for relieving hormonal disorders of many sorts. In addition, 
steroids might be also prescribed for inflammatory bowel diseases, allergies and 
asthma, and for some autoimmune diseases. [33] As we know, the use of steroids is 
not riskless. Unfortunate cases have been witnessed, where sportsmen and -women 
use prohibited steroid hormones (doping) to achieve better results. In these cases, 
the side effects are seen rapidly because of the unnecessary large and frequent 
doses. Even when a medical doctor carefully prescribes a dose for a patient, it is 
still not riskless. Some notable side effects from the use of androgenic (anabolic) 
steroid hormones in men are liver and kidney damage, changes in nervous system, 
increased LDL and decreased HDL concentrations in bloodstream [111], which lead 
to various cardiovascular disorders, osteoporosis (bone thinning), and prostate 
cancer. [112] In women, androgens cause masculinity. For estrogens the risks are 
different. Thrombosis is the most common severe side effect for women using 
hormone treatment. [113] In male, estrogens and progestogens cause feminization. 
 
In human body, the compounds are modified to glucuronide and sulphpate 
conjugates in reactions with either glucuronic or sulphuric acids, respectively 
(Figure 32). The hydrophilicity of conjugates is higher than for androgenic and 
estrogenic parent compounds and thus they are easily removed from the body with 
urine. However, the amount of these endocrine disruptor compounds (EDCs) in 
waters is increased since more and more estrogen products are used. In large 
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concentrations, these hydrophobic compounds accumulate to fat tissue. Due to 
accumulation and higher concentrations, they might interfere with the hormonal 
system in an unwanted way. [114] 
 
In environment, the concentrations are rather small. However, even rather 
negligible amounts (ng/L) can lead to changes in species. This has been problematic 
from a legislative point of view. In European Union countries, there are 
concentration limits for EDCs in waters but it seems that E2 (estradiol) and EE2 
(ethinyl estradiol) (also a derivative of E2) cause changes in organisms at 
significantly low concentrations (> 0.3-1 ng/L). This has led to major actions for 
evaluating these compounds (Community Strategy for Endocrine Disruptors 
SEC(2011) 1001 final). [115] However, there is no data on aerial and terrestrial 
organisms. 
 
The sludge produced in water purification processes is utilized in agriculture. [81] 
It is known that the sorption of steroid hormones, such as EE2, to organic carbon 
in sludge is an important product of the water purification process and it is not to 
be overlooked. The compounds in sludge are migrating into water, plants, and 
aquatic species. [116] Some sedimentation might also happen. In any case, they 
end up being constantly present in the food chain. Since steroid compounds can 
take part in numerous reactions, they last for a long time in the circulation and 
accumulate to organisms. [116] In addition, it has been seen that many compounds, 
particularly released from agricultural industries and waste, mimic the bioactivity 
of steroid hormones. [43] 
 
The reproductive system dysfunctions and feminization of male fish and mollusk 
species have been observed. Intersex (testicular and ovarian tissue at the same 
time [117] and abnormal sex ratios are seen, found in roach [117] and fish [118].
 74 
 
 
Figure 32. The enzymatic processes for a) steroid glucuronide and b) steroid sulphonate conjugates. [2]
 75 
 
Wastewater treatment plants (WWTP) play a key role in steroid amounts present 
in the environment. [119] The insufficiency of the purification steps has an impact 
on steroid loads which are released in environment after purification. Usually 
water is separated from sludge (mostly organic material) and treated separately. 
The sludge is also treated and then transported to agricultural use. This means 
that not only is it necessary to purify the water, but also the sludge. Even though 
there might be only negligibly small amounts of steroids, it is particularly 
important to know what there is and how much. EDCs, estroges, androgens, and 
thyroid hormones (THs) are bioactive even at ng/L levels. [120] 
 
In WWTPs, many cleaning processes such as ozonation and biochemical 
degradation in membrane bioreactors (MBR), are used to reduce the amounts of 
unwanted compounds in water. MBR reduces notably the amount of many 
pharmaceuticals whereas researchers have found that ozonation increased the 
amount of compounds, which stimulate endogenous estrogen production and 
generate reactive metabolites. [121] 
 
Most of the organic compounds in water are eliminated by adsorption to solids or 
association with oils in aerobic or anaerobic degradation. However, sometimes 
biodegradation or photo degradation is used for poisonous compounds in industrial 
wastewater – with little success. [122] Usually these compounds are resistant to 
biological degradation and need oxidation, such as Advanced Oxidation Processes 
(AOPs). [122] This is why combining different processes result in most optimal 
outcome – especially because there are not effective enough biomarkers for WWTPs 
to use. Testing needs funding and test animals, making it impossible to monitor 
each bioactive compound. [123] 
 
The aim was to use and eventually optimize a partial filling micellar electrokinetic 
chromatographic (PF-MEKC) method for separating free steroid hormones and 
their conjugates from water samples. The samples were collected from WWTPs as 
influent (untreated wastewater) and effluent (treated wastewater) samples. The 
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WWTPs are located in Espoo, Helsinki, Joensuu, Kajaani, Kouvola, Mikkeli, Pori, 
Porvoo, Turku, and Uusikaupunki. 
 
8. Compounds 
 
The steroid hormones used in present study are specified in Table 9. 
 
Table 9. The names, molar masses, water solubilities, logP, and pKa values of the steroids 
used in this study.  
Name and structure Molar mass 
[g/mol] 
Predicted 
water 
solubility 
[mg/L] 
[124, 125, 
126] 
Predicted 
logP [31] 
Predicted pKa 
Strongest Acidic / 
Strongest Basic 
[31] 
     
17α-hydroxyprogesterone 
(4-pregnen-17α-ol-3,20-
dione) 
 
 
methyltestosterone 
(17α-methyl-4-androsten- 
17β-ol-3-one) 
 
 
 
 
330.46 
 
 
 
 
 
 
 
 
302.45 
 
 
 
 
 
 
 
 
 
6.5 [124] 
 
 
 
 
 
 
 
 
33.9 [125] 
 
 
 
 
 
 
 
 
 
3.40 
 
 
 
 
 
 
 
 
3.65 
 
 
 
 
 
 
 
 
 
12.70 / -3.80 
 
 
 
 
 
 
 
 
19.09 / -0.53 
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Table 9. Continues. 
androstenedione 
(4-androstene-3,17-dione)
 
 
androsterone 
(5α-androstan-3α-ol-17-
one) 
 
 
fluoxymesterone 
(4-androsten-9α-fluoro-
17α-methyl-11β, 17β-diol-
3-one) 
 
 
progesterone 
(4-pregnene-3,20-dione) 
 
 
 
286.41 
 
 
 
 
 
 
290.44 
 
 
 
 
 
 
 
336.44 
 
 
 
 
 
 
 
 
314.46 
 
 
 
 
 
 
 
57.8 [125] 
 
 
 
 
 
 
6.3 [126] 
 
 
 
 
 
 
 
67.5 [125] 
 
 
 
 
 
 
 
 
8.8 [125] 
 
 
 
 
 
 
 
3.93 
 
 
 
 
 
 
3.77 
 
 
 
 
 
 
 
2.38 
 
 
 
 
 
 
 
 
4.15 
 
 
 
 
 
 
 
19.03 / -4.80 
 
 
 
 
 
 
18.3 / -1.4 
 
 
 
 
 
 
 
13.60 / -3.0 
 
 
 
 
 
 
 
 
18.92 / -4.80 
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Table 9. Continues. 
testosterone 
(4-androsten-17β-ol-3-one) 
  
 
testosterone glucuronide 
(4-androsten-17β-ol-3-one 
glucuronide) 
 
 
288.42 
 
 
 
 
 
 
464.55 
 
23.4 [125] 
 
 
 
 
 
 
261.0 
[125] 
 
3.37 
 
 
 
 
 
 
1.91 
 
19.09 / -0.88 
 
 
 
 
 
 
3.63 / -3.70 
     
 
The backbone of steroids consists of four cyclic rings, of which three consist of six 
carbon atoms. The fourth ring has three carbon atoms and it forms a cyclic ring 
with rest of the structure. As such, the basic molecule is hydrophobic. However, the 
amount and type of functional groups are in the key role of the differences between 
the steroid hormones, separating them from one another. In addition, when the 
steroid is in a conjugated form, such as in its glucuronide conjugate, it is more 
hydrophilic. The compounds used in this research are mostly hydrophobic (small 
logP values, but it can be seen that testosterone glucuronide is extremely 
hydrophilic due to the glucuronide conjugation (Table 9). The metabolic pathway of 
the steroid hormones used in this study is presented in Figure 33. 
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Figure 33. The metabolic pathway of the steroids used in this study. The lighter path shows 
naturally occurring metabolism and the darker path chemically synthesized compounds. 
 
9. Material and method 
 
9.1. Chemicals and materials 
 
The chemicals used in this study are presented below in Table 10 and the 
instruments, other equipment, and computer programs provided with additional 
information are presented in Table 11.  
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Table 10. Names, purities, CAS numbers, manufacturers, and shipping countries of origin 
of the chemicals used in the study. 
Name Purity CAS number Organization Country 
of origin 
     
17α-hydroxy-
progesterone 
 
17α-methyl-
testosterone 
 
fluoxymesterone 
 
 
testosterone 
glucuronide 
 
ammonium 
acetate 
 
ammonia solution 
 
 
androstenedione 
 
 
androsterone 
 
 
buffer solution, 
pH 4 (phthalate), 
stabilized 
 
 
assay ≥ 95% 
 
 
(HPLC) ≥ 98% 
 
 
TLC: 1• 
 
 
TLC: 1• 
 
 
minimum 98% 
 
 
min. 25%, 
assay 31,5% 
 
assay ≥ 98% 
 
 
assay (HPLC) 
97.6% 
 
pH 3.98 at 20 °C 
 
 
 
 
68-96-2 
 
 
58-18-4 
 
 
76-43-7 
 
 
1180-25-2 
 
 
631-61-8 
 
 
1336-21-6 
 
 
63-05-8 
 
 
53-41-8 
 
 
877-24-7 
 
 
 
 
Sigma-Aldrich 
Co. 
 
Riedel-de Haën 
 
 
STERALOIDS, 
INC. 
 
STERALOIDS, 
INC. 
 
Sigma-Aldrich 
Co. 
 
VWR Inter-
national S.A.S 
 
Sigma-Aldrich 
Co. 
 
Sigma-Aldrich 
Co. 
 
Fisher Scientific 
UK 
 
 
 
Germany 
 
 
Germany 
 
 
U.S.A. 
 
 
U.S.A. 
 
 
Germany 
 
 
France 
 
 
Germany 
 
 
Germany 
 
 
UK 
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buffer solution  
pH 7 (phosphate), 
stabilized 
 
buffer solution  
pH 10 (borate), 
stabilized 
 
CAPS  
(3-
[Cyclohexylamino]
-1-propane-
sulfonic acid) 
 
diethylether 
 
 
Direct-Q UV 
Millipore 
 
estradiol 
 
 
estradiol 
glucuronide 
 
estriol 
glucuronide 
 
estrone 
 
 
 
pH 7.02 at 20 °C 
 
 
 
pH 9.99 at 20 °C 
 
 
 
≥ 98.0% 
 
 
 
 
 
assay (GC) min 
99.5% 
 
 
 
 
TLC: 1• 
 
 
TLC: 1• 
 
 
TLC: 1• 
 
 
TLC: 1• 
 
 
 
7778-77-0 
 
 
 
7732-18-5 
 
 
 
1135-40-6 
 
 
 
 
 
60-29-7 
 
 
 
 
 
50-28-2 
 
 
15270-30-1 
 
 
7219-89-8 
 
 
53-16-17 
 
 
 
Fisher Scientific 
UK 
 
 
Fisher Scientific 
UK 
 
 
Sigma-Aldrich 
Co 
 
 
 
 
MERCK 
 
 
 
 
 
STERALOIDS, 
INC. 
 
STERALOIDS, 
INC. 
 
STERALOIDS, 
INC. 
 
STERALOIDS, 
INC. 
 
 
UK 
 
 
 
UK 
 
 
 
Germany 
 
 
 
 
 
Germany 
 
 
 
 
 
U.S.A. 
 
 
U.S.A. 
 
 
U.S.A. 
 
 
U.S.A. 
 
 
Table 10. Continues. 
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estrone 
glucuronide 
 
ethyl acetate 
 
 
hydrochloric acid 
1.0 mol/L (1.0 M) 
(A) 
 
methanol 
 
 
orto-phosphoric 
acid (85 %) 
 
 
progesterone 
 
 
sodium dodecyl 
sulfate 
 
sodium hydroxide 
1.0 mol/L (1 M) 
(A) 
 
sodium salt of 
taurocholic acid, 
monohydrate 
 
testosterone 
 
TLC: 1• 
 
 
assay (GC) > 
99.5% 
 
analysis result 
0.9995 mol/L, 
±0.0021 mol/L 
 
HPLC grade 
 
 
assay 
(acidimetric) 85.0-
88.0% 
 
assay ≥ 98% 
 
 
approx. 99% 
 
 
analysis result 
1.0003 mol/L, 
± 0.0021 mol/L 
 
BioXtra, ≥ 95% 
(TLC) 
 
 
assay ≥ 98% 
 
15087-01-1 
 
 
141-78-6 
 
 
7647-01-0 
 
 
 
67-56-1 
 
 
7664-38-2 
 
 
 
58-18-4 
 
 
151-21-3 
 
 
1310-73-2 
 
 
 
345909-26-4 
 
 
 
58-22-0 
 
STERALOIDS, 
INC. 
 
Sigma-Aldrich 
Co. 
 
Oy FF-
Chemicals Ab 
 
 
Fisher Scientific 
UK 
 
Sigma-Aldrich 
Co. 
 
 
Sigma-Aldrich 
Co. 
 
Oy FF-
Chemicals Ab 
 
Sigma-Aldrich 
Co. 
 
 
Sigma-Aldrich 
Co.  
 
Sigma-Aldrich 
Co. 
 
U.S.A. 
 
 
Germany 
 
 
Finland 
 
 
 
UK 
 
 
Germany  
 
 
 
Germany 
 
 
Germany 
 
 
Finland 
 
 
 
Germany 
 
 
 
Germany 
     
Table 10. Continues. 
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Table 11. Products and their additional information. 
Product name Manufacturer Used as 
   
Hewlett-Packard 3D 
Diode array detector λ 190-600 nm 
 
InoLab pH7110 
 
 
 
MSE MISTRAL 1000 
 
Vortex-Genie 2 
 
 
Branson 5510 ultra-device 
 
 
Variomag Electronicrûhrer MONO 
 
 
Sartorius AG balance (BP 301 S) 
 
Vac Master 
 
Reacti-Vap #TS-18825 
 
 
Direct-Q UV Millipore 
 
 
Fused silica capillary (i.d. 50 µm, 
o.d. 375 µm, TSP050375 3, 363-10) 
 
Agilent, Waldbronn, 
Germany 
 
Wissenschaftlich-Technische 
Werkstätten GmbH, 
Weilheim, Germany 
 
Fisher Scientific 
 
Scientific Industries Si, 
Prolab-Oriola Oy, Finland 
 
Bransonic®, Emerson 
Electric Co. 
 
Thermo Fisher Scientific 
Inc. 
 
Sartorius 
 
Biotage 
 
Thermo Scientific, Vantaa, 
Finland 
 
Millipore S.A., Molsheim, 
France 
 
Polymicro Technologies, 
Phoenix, Arizona, U.S.A. 
 
CE instrument 
 
 
pH meter 
 
 
 
centrifuge 
 
mixer 
 
 
sonication 
device 
 
magnetic stirrer 
 
 
scale 
 
SPE device 
 
evaporator 
(using N2) 
 
water purifier 
 
 
capillary 
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Whatman™, Glass Microfiber Filters 
GF/C™, Diameter 90 mm 
 
Durapore® Membrane Filters, 0.45 
μm HV 
 
Strata-X 33u Polymeric Reversed-
phase columns (500 mg / 6 mL) 
 
Quaternary Amine (N+) Polar Phase 
columns (3 mL, amine silane, 40 μm 
APD, 60 Å) 
 
Instrument 1 (online) 
 
 
Instrument 1 (offline 2) 
 
 
 
CE Expert Lite, SCIEX 
 
GE Healthcare Life Sciences 
 
 
Millipore 
 
 
Phenomenex®, U.S.A. 
 
 
J.T. Baker Inc., The 
Netherlands 
 
 
ChemStation, Agilent, 
Waldbronn, Germany 
 
ChemStation, Agilent, 
Waldbronn, Germany 
 
 
AB Sciex Pte. Ltd. 
 
glass microfiber 
filter 
 
membrane filter 
 
 
SPE column  
 
 
SPE column 
 
 
 
method and run 
control program 
 
data analysis, 
method and run 
control program 
  
calculation 
program for 
fluid deliveries 
in separations 
   
 
9.2. Solutions 
 
9.2.1. Ammonium acetate solution 
 
Ammonium acetate was weighted into a beaker to prepare 20 mM concentration. 
The solid compound was dissolved into milli-Q water and the pH was set at 9.68 
using 25 % ammonia solution. The pH meter was calibrated with 3-point 
Table 11. Continues. 
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calibration line for pH values 4, 7, and 10. Then the solution was poured into a 
volumetric flask and filled to meniscus with milli-Q water. The solution was 
sonicated in bath for 20 minutes and stored at room temperature. Before use, the 
solution was sonicated again for 15 minutes. 
 
9.2.2. Sodium dodecyl sulfate solution 
 
Sodium dodecyl sulfate (SDS) was weighted in a beaker for 100 mM concentration. 
The solid was dissolved into 20 mM ammonium acetate solution and poured into a 
volumetric flask. The beaker was washed with ammonium acetate twice in order to 
dissolve trace amounts of sodium dodecyl sulfate and the solution was poured into 
the same volumetric flask. Then, the flask was filled to meniscus and the solution 
was mixed with a magnetic stirrer for 15 minutes. The solution was stored at room 
temperature and before use it was mixed again with a magnetic stirrer for 15 
minutes. 
 
9.2.3. Sodium taurocholic acid solution 
 
Sodium taurocholic acid was weighted in a sterile test tube for 100 mM 
concentration. Milli-Q water (5 mL) was added with a volumetric pipette. The 
solution was mixed for 15 minutes. The solution was stored at room temperature 
and covered to prevent its degradation. Each time when the solution was used, it 
was mixed (low speed) in a mixer for another 15 minutes. 
 
9.2.4. Micelle solution 
 
The mixture of micelle solution was prepared into a glass vial (volume 1.5 mL) by 
adding 1,000 μL of the 20 mM ammonium acetate solution (pH 9.68), 440 μL of 100 
mM sodium dodecyl sulfate solution (pH 9.68), and 50 μL of 100 mM sodium 
taurocholate in this respective order. 
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9.2.5. Steroid hormone solutions 
 
The stock solutions (1,000 μg/mL) were prepared into glass vials or tubes with 
methanol as a solvent. The solutions were stored at +4 ˚C. The standard solutions 
were prepared at concentrations of 0.5, 1, 2, 4, 6, 8, and 10 μg/mL. The method 
concentration range was determined according to the sensitivity of the compounds. 
The standard solutions were stored in a same way as the stock solutions. 
 
9.3. Instrumentation and method 
 
The PF-MEKC-UV method was optimized and validated with an Agilent capillary 
electrophoresis (CE) instrument (Figure 34). Earlier, it was developed with a 
Beckman-Coulter CE instrument [127], which has differences in detection, 
instrumental, and programming parameters for the analyses. The PF-MEKC 
analyses were performed at a temperature, set to a constant value of 25 °C.  The 
optimized electric field for the separation was stabilized with the voltage of +25 kV. 
The current was monitored and it was 17 µA. 
 
 
Figure 34. Agilent capillary electrophoresis instrument. 
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The capillaries were cut to a total length of 80.0 cm (detector window at 71.5 cm). 
Prior to use, the capillary was conditioned by first flushing with 0.1 M NaOH, then 
with milli-Q water and finally with the electrolyte solution, 20 minute each. The 
conditioning of a new capillary is presented in Table 12. 
 
Table 12. The method used for conditioning new capillaries. 
Function Time [min] Solution 
flush 
flush 
flush 
20 
20 
20 
0.1 M NaOH 
milli-Q water 
electrolyte solution 
 
Partial filling of the capillary with the micelle solution was done by first flushing 
the capillary with 0.1 M NaOH and then with the electrolyte solution. Then, the 
micellar solution was injected to create a micelle mixture plug at the inlet end of 
the capillary. Next, the sample was introduced following by injection of the 
electrolyte solution, which was the final solvent zone at the inlet part of the 
capillary. The sample analysis method is presented in Table 13. 
 
Table 13. The method used in the sample analyses. 
Function Pressure [mbar] Time [s] Hydrodynamic 
injection volume 
[nL] [128] 
Solution 
     
flush 
 
flush 
 
pressure 
pressure 
pressure 
max. pressure, approx. 
935 
max. pressure, approx. 
935 
34.5 
50.0 
50.0 
120.0 
 
300.0 
 
75.0 
6.0 
17.0 
2415.8 
 
6039.4 
 
55.7 
6.5 
18.3 
0.1 M 
NaOH 
electrolyte 
 
micelle 
sample 
electrolyte 
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Testosterone was preferred as the target compound and it was used in 
concentrations of 0.5-20 μg/mL. Composition of the micellar solution was optimized 
in order to obtain intensive peak for testosterone and to achieve as precise chemical 
and instrumental adjustments as possible. The repeatability of the method was 
excellent. 
 
Optimization of the method, calibrations, and sample analyses were determined 
using the wavelength of 247 nm. This specific wavelength is ideal for testosterone 
(see Figure 35) and thus chosen as the pilot wavelength throughout the study for 
all analytes. 
 
Figure 35. UV-Vis absorption spectrum of testosterone. [129] Method wavelengths are 
marked into the figure. The wavelength of 247 nm was used in identification and 
quantification. 
 
9.4. Identification of the analytes 
 
The compounds of interest were analysed and identified individually based on the 
migration times, electrophoretic mobilities, and absorption correlation at the 
specific wavelengths. After identification, standard solutions of individual 
compounds at 0.5-10 μg/mL were analysed and calibration lines were plotted as 
concentration versus average peak area. Androsterone had very weak intensity at 
its specific wavelength of 247 nm (𝑦 = 0.086𝑥 + 0.204 ; 𝑅2 = 0.957) and varying 
214 
220 
240  247 
260 
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peak intensity, which made the identification challenging. The linear fits for 
calibration lines of all individual compounds are presented in Appendix III. 
 
For method development, two solutions: testosterone glucuronide and progesterone 
were analysed by adding one compound at a time to the solutions. When the 
solution consisted of more than two compounds, the peaks in the electropherograms 
were identified by adding 100 μg/mL solution of a single compound into the sample 
to notice the increase in peak area and height. This was repeated until each 
compound was identified. The migration was also checked by spiking the sample 
with single compounds one at a time. Figures 36-38 clarify the identification 
process more closely. 
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Figure 36. PF-MEKC electropherograms of a steroid mixture: 17α-hydroxyprogesterone (1) 
and methyltestosterone (2). The identification was done by spiking with 
methyltestosterone. Conditions: fused-silica capillary, 80 cm (71.5 cm effective length) x 50 
µm id; 20 mM ammonium acetate pH 9.68; micelle: 1,000 µL electrolyte solution, 440 µL 
100 mM SDS solution, and 50 µL 100 mM sodium taurocholate; applied voltage +25 kV; 
temperature 20 °C; detection wavelength 247 nm; runtime 20 min; samples in methanol. 
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Figure 37. PF-MEKC electropherograms of a steroid mixture: testosterone glucuronide (1), 
fluoxymesterone (2), and androstenedione (3). The identification was done by spiking with 
fluoxymesterone. Conditions as in Figure 36. 
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Figure 38. PF-MEKC electropherograms of a steroid mixture: testosterone (1) and 
progesterone (2). The identification was done by spiking with testosterone. Conditions as 
in Figure 36. 
 
After identifying each compound in a mixture, standard solution mixtures were 
prepared and calibration curves were plotted in a same way than for the individual 
compounds. The concentrations in PF-MEKC calibrations were 1, 2, 4, 6, 8, and 10 
μg/mL and all solutions were prepared into methanol. The linear fits of the 
calibration lines are presented in Appendix IV. The migration order of the 
compounds is testosterone glucuronide, fluoxymesterone, androstenedione, 
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testosterone, 17α-hydroxyprogesterone, methyltestosterone, and progesterone. The 
profile of the steroid mixture is presented in Figure 39. 
 
 
Figure 39. PF-MEKC separation of steroid hormones at the concentration of 5 μg/mL. The 
compounds in their migration order: testosterone glucuronide (1), fluoxymesterone (2), 
androsterone (3), testosterone (4), 17α-hydroxyprogesterone (5), methyltestosterone (6), 
and progesterone (7). Conditions as in Figure 36. 
 
9.5. Sampling 
 
The purification process of wastewater comprises of three main treatment steps. 
First, the unrefined water (influent) goes through the primary process, which is 
usually mechanical filtration. In this process all large and smaller objects are 
removed. Second, the water is transferred into secondary and tertiary treatments 
in order to remove organic material and microorganisms. Biological (the use of 
bacteria or enzymes) and chemical treatments are most common secondary/tertiary 
treatment. The purified water (effluent) is then released into nearby water source, 
for instance into the sea or into a lake. Figure 40 clarifies the wastewater treatment 
process used at Viikinmäki WWTP in Helsinki. 
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Figure 40. Wastewater treatment process at Viikinmäki WWTP (Helsinki). [130] 
 
The water samples used in this study were collected from different WWTPs around 
Finland in 2014. In addition, the samples from Helsinki WWTP were also collected 
in 2015. The cities with additional information are presented in Table 14. 
 
Table 14. Cities, locations of the wastewater treatment plants, and the sampling times. 
City Location of the 
wastewater treatment 
plant 
Sampling time 
   
Espoo 
Helsinki 
 
Joensuu 
Kajaani 
Kouvola 
Mikkeli 
Pori 
Porvoo 
Suomenoja 
Viikinmäki* 
 
Kuhasalo 
Peuraniemi* 
Mäkikylä 
Kenkäveronniemi 
Luotsinmäki 
Hermanninsaari 
April 10-11, 2014 
April 1-2, 2014; April, 2015; 
August, 2015 
March 25-26, 2014 
March 24-25, 2014 
March 25-26, 2014 
March 25-26, 2014 
March 19-20, 2014 
March 18-19, 2014 
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Table 14. Continues. 
Turku 
Uusikaupunki 
Kakolanmäki** 
Häpönniemi* 
March 24-25, 2014 
March 26-27, 2014 
   
*) biological filtration as tertiary treatment, **) sand filtration as tertiary 
treatment [86] 
 
The personnel of the WWTPs accomplished the sampling of the influent and 
effluent water samples. The samples were immediately dispatched to the 
laboratory, in which they were filtered and further pretreated. The samples were 
collected into 5-litre plastic canisters, from which they were divided into three 1-
litre subsamples at the laboratory. 
 
9.6. Sample pretreatment 
 
Figure 41. The steps of sample pretreatment. The dark-colored steps were performed to 
samples of Espoo, Joensuu, Kajaani, Kouvola, Mikkeli, Pori, Porvoo, Turku, and 
Uusikaupunki (preparation was done by PhD Heidi Turkia and MSc Matias Kopperi). The 
filtering and SPE steps in (light color) steps were performed only for Helsinki samples. 
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The samples (except for Helsinki in April and August 2015) were first filtered using 
glass fiber filters following with membrane filters. The filtrates were extracted into 
C18 (Strata-X polymeric reversed-phase) sorbent in SPE device and eluted into 6 
mL of methanol (Figure 41). The samples of Helsinki (April and August in 2015) 
were treated according to the sample pretreatment chart illustrated in Figure 42. 
 
Two-liter subsample of Helsinki water was separated from the five-liter main 
sample. The water sample was filtered with glass and membrane filters. First, the 
samples were extracted through C18 (Strata-X) columns and the eluate was 
collected. In this step, two C18 (Strata-X) columns were used and one liter of water 
was extracted in each column. Each column was eluted first with 3 mL of ethyl 
acetate and then with 3 mL of methanol. The solvent was then evaporated. 
 
The two samples, which were eluted from C18 (Strata-X) using ethyl acetate and 
methanol, were cleaned with methanol, phosphate buffer, and diethyl ether in 
liquid-liquid extraction (LLE). After separating the organic layers, the LLE step 
was repeated for achieving a cleaner matrix. The organic phases were separated 
and evaporated. The precipitates were dissolved into 2 mL of methanol. 
 
The filtrate which was collected during the C18 (Strata-X) extraction, was extracted 
with quaternary amine (N+) sorbents. Since the sample volume was two liters, 10 
columns needed to be used (200 mL / one column). In the elution step, five columns 
were used for eluting the steroids only with ethyl acetate and the other five only 
for methanol. The eluents containing the same solvent were combined. Then LLE 
was performed and finally, the organic layer was separated from aqueous layer and 
then evaporated. The remaining precipitants were dissolved in methanol. 
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Figure 42. A schematic chart of the sample pretreatment procedure of Helsinki water 
samples. 
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10. Results 
 
10.1. Quality control 
 
The method was optimized with one synthetic and seven natural steroid hormones. 
Additionally, a solid phase extraction methodology was validated for cleaning the 
samples from complex matrix compounds and for concentrating steroids for 
analysis. Nonpolar and strongly alkali anion exchange sorbent materials were 
used. The water samples from Helsinki were used as a representative for more 
profound SPE development. 
 
When profiling the water samples, it was found that the influent and effluent 
wastewater samples contained testosterone glucuronide, androstenedione, and 
progesterone. In addition, estradiol (E2) glucuronide was detected but its 
quantification needed capillary zone electrophoresis (CZE) technique. In PF-MEKC 
separation method, glucuronide conjugates were separated in one fraction from 
neutral steroid hormones (Figure 43). This is because there is a remarkable 
difference in logP values of the glucuronide conjugated and neutral steroids. 
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Figure 43. PF-MEKC separation of steroid hormone mixture (5 µg/mL). Comparison with 
two UV absorption wavelengths: 247 nm and 214 nm. The compounds are testosterone 
glucuronide (1), fluoxymesterone (2), androstenedione (3), testosterone (4), 17α-
hydroxyprogesterone (5), methyltestosterone (6), progesterone (7), estrone glucuronide (8), 
estradiol glucuronide (9), estriol glucuronide (10), estrone (11), and estradiol (12). 
Conditions as in Figure 36, except capillary length was 100 cm. 
 
The PF-MEKC separations were performed with five repetitions. The method 
concentration range was 0.5-10 μg/mL. In steroid mixture analyses, the correlation 
coefficient values (R2) of linear fit varied from 0.940 to 0.996. This means that the 
response of the method has a linear correlation with the concentration of the 
compounds. In addition, the R2 of migration times, mobility of electroosmosis, and 
electrophoretic mobilities were 2.9-8.2 %, 1.5-3.8 %, and 0.6-5.0 %, respectively. The 
limit of detection range for testosterone glucuronide, androstenedione, and 
progesterone was 0.06-0.5 μg/mL. The compounds were certified from water 
samples by spiking with individual analytes at 2 μg/mL concentration level. The 
quality control values of analytes in single compound analyses and in steroid 
hormone mixture analyses are presented in Tables 15 and 16, respectively. 
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Table 15. Result from standard solutions of individual steroids without SPE treatment. 
LOD was determined by dividing the peak height of a steroid with known concentration 
(S, signal) with the average peak height of the noise (N, noise) and S/N = 3. LOQ was 
calculated from the experimental LOD-values of each steroid by multiplying the value with 
3 (LOQ = 3 x LOD). The concentrations were also experimentally tested. 
Compound Linear equation R2 
value 
Concentration 
range [μg/mL] 
LOD 
[μg/mL] 
LOQ 
[μg/mL] 
      
testosterone 
glucuronide 
fluoxymesterone*) 
androstenedione 
testosterone*) 
17α-
hydroxyprogesterone 
methyltestosterone 
progesterone 
androsterone*) 
y = 4.574x–3.710 
 
y = 0.670x+0.051 
y = 0.999x–0.433 
y = 0.870x–0.627 
y = 1.178x+2.594 
 
y = 1.529x–0.621 
y = 2.107x+0.851 
y = 0.086x+0.204 
0.988 
 
0.997 
0.993 
0.993 
0.988 
 
0.991 
0.983 
0.957 
0.5-10 
 
0.5-10 
0.5-10 
1-10 
0.5-10 
 
1-10 
0.5-10 
0.5-10 
0.50 
 
0.50 
0.50 
0.38 
0.03 
 
0.29 
0.06 
0.08 
1.50 
 
1.50 
1.50 
1.15 
0.08 
 
0.88 
0.17 
0.25 
      
*) used for optimization 
 
Table 16. Result from standard solution mixtures of individual steroids without SPE 
treatment. LOD was determined by dividing the peak height of a steroid with known 
concentration (S, signal) with the average noise peak height (N, noise) and S/N = 3. LOQ 
was calculated from the experimental LOD-values of each steroid by multiplying the value 
with 3 (LOQ = 3 x LOD). The concentrations were also experimentally tested. 
Compound Linear equation R2 
value 
Concentration 
range [μg/mL] 
LOD 
[μg/mL] 
LOQ 
[μg/mL] 
      
testosterone 
glucuronide 
fluoxymesterone*) 
androstenedione 
testosterone*) 
17α-
hydroxyprogesterone 
y = 1.270x+0.005 
 
y = 0.468x+0.022 
y = 0.632x+0.029 
y = 0.779x+0.213 
y = 1.150x–0.354 
 
0.996 
 
0.966 
0.940 
0.962 
0.968 
 
0.5-8 
 
0.5-8 
0.5-8 
0.5-8 
0.5-10 
 
0.50 
 
0.50 
0.50 
0.38 
0.30 
 
1.50 
 
1.50 
1.50 
1.15 
0.90 
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Table 16. Continues. 
methyltestosterone 
progesterone 
y = 2.944x–3.040 
y = 4.315x–4.077 
0.947 
0.968 
0.5-6 
0.5-10 
0.07 
0.11 
0.21 
0.32 
      
*) used for optimization 
 
In individual compound analyses the correlation coefficients of absolute migration 
times and calculated mobility values of electroosmosis and electrophoretic 
mobilities were 2.9-5.1 %, 1.5-3.8 %, and 0.6-5.0 %, respectively. In addition, the 
corresponding values for steroid mixture were 2.9-8.2 %, 1.5-3.8 %, and 0.6-5.0 %, 
respectively. The electrophoretic mobilities are presented in Table 17 for individual 
compounds and in Table 18 for steroid hormones in the mixture. The method was 
repeatable in separating the steroids of interest. 
 
Table 17. Electrophoretic mobility parameters of steroid compounds. The measurements 
are done with individual compounds with five replicates. (No sample concentration with 
SPE.) 
Name EOF 
[min] 
Migration 
time 
[min] 
Electroosmotic 
flow*) 
[m2V-1s-1] 
Total 
velocity 
[m2V-1s-1] 
Electrophoretic 
mobility 
 [m2V-1s-1] 
      
17α-hydroxy-
progesterone 
 
 
17α-methyl-
testosterone 
 
 
androstenedione 
 
 
 
androsterone 
?̅? 
SD 
RSD (%) 
 
?̅? 
SD 
RSD (%) 
 
?̅? 
SD 
RSD (%) 
 
?̅? 
SD 
RSD (%) 
5.82 
0.24 
4.2 
 
5.91 
0.12 
2.0 
 
6.13 
0.15 
2.4 
 
5.91 
0.09 
1.4 
13.75 
0.70 
5.1 
 
13.4 
0.54 
4.0 
 
11.59 
0.44 
3.8 
 
13.60 
0.39 
2.9 
6.57E-08 
1.80E-09 
2.7 
 
6.45E-08 
1.37E-09 
2.1 
 
6.25E-08 
1.58E-09 
2.5 
 
6.47E-08 
9.44E-10 
1.5 
2.78E-08 
1.50E-09 
5.4 
 
2.42E-08 
1.17E-09 
4.8 
 
3.29E-08 
1.30E-09 
3.9 
 
2.81E-08 
7.88E-10 
2.8 
-4.21E-08 
1.14E-09 
2.7 
 
-4.03E-08 
3.00E-10 
0.8 
 
-2.93E-08 
3.70E-10 
1.3 
 
-3.65E-08 
2.30E-10 
0.6 
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Table 17. Continues. 
fluoxymesterone 
 
 
 
progesterone 
 
 
 
testosterone 
 
 
 
testosterone 
glucuronide 
?̅? 
SD 
RSD (%) 
 
?̅? 
SD 
RSD (%) 
 
?̅? 
SD 
RSD (%) 
 
?̅? 
SD 
RSD (%) 
6.23 
0.14 
2.2 
 
6.27 
0.22 
3.6 
 
7.17 
0.15 
2.0 
 
6.14 
0.24 
3.8 
11.71 
0.39 
3.3 
 
16.98 
1.39 
8.2 
 
15.78 
0.73 
4.6 
 
8.17 
0.57 
6.9 
6.09E-08 
1.42E-09 
2.3 
 
6.13E-08 
2.32E-09 
3.8 
 
5.32E-08 
1.14E-09 
2.1 
 
6.25E-08 
2.40E-09 
3.8 
3.26E-08 
1.08E-09 
3.3 
 
2.26E-08 
1.98E-09 
8.8 
 
2.42E-08 
1.17E-09 
4.9 
 
4.68E-08 
3.14E-09 
6.7 
-2.86E-08 
4.69E-10 
1.6 
 
-3.84E-08 
4.09E-10 
1.1 
 
-2.90E-08 
2.6E-10 
0.9 
 
-1.53E-08 
7.72E-10 
5.0 
       
 
Table 18. Electrophoretic mobility parameters of the steroid compounds. The 
measurements are done with a steroid mixture with five replicates. (No sample 
concentration with SPE.)  
Name EOF 
[min] 
Migration 
time 
[min] 
Electroosmotic 
flow*) 
[m2V-1s-1] 
Total 
velocity 
[m2V-1s-1] 
Electrophoretic 
mobility 
 [m2V-1s-1] 
      
17α-hydroxy-
progesterone 
 
 
17α-methyl-
testosterone 
 
 
androstenedione 
 
 
 
?̅? 
SD 
RSD (%) 
 
?̅? 
SD 
RSD (%) 
 
?̅? 
SD 
RSD (%) 
 
 
5.68 
0.08 
1.4 
 
5.69 
0.08 
1.4 
 
5.77 
0.21 
3.6 
 
12.72 
0.59 
4.7 
 
12.72 
0.62 
4.9 
 
10.88 
0.60 
5.5 
 
6.72E-08 
9.14E-10 
1.4 
 
6.71E-08 
9.88E-10 
1.5 
 
6.62E-08 
2.49E-09 
3.8 
 
3.01E-08 
1.51E-09 
5.0 
 
3.01E-08 
1.55E-09 
5.2 
 
3.51E-08 
2.05E-09 
5.8 
 
-3.71E-08 
6.04E-10 
1.6 
 
-3.70E-08 
5.81E-10 
1.6 
 
-3.11E-08 
9.24E-10 
3.0 
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Table 18. Continues. 
fluoxymesterone 
progesterone 
 
 
testosterone 
 
 
testosterone 
glucuronide 
?̅? 
SD 
RSD (%) 
?̅? 
SD 
RSD (%) 
?̅? 
SD 
RSD (%) 
?̅? 
SD 
RSD (%) 
5.76 
0.20 
3.5 
5.68 
0.08 
1.4 
5.76 
0.21 
3.6 
5.77 
0.21 
3.6 
10.74 
0.58 
5.4 
12.81 
0.64 
5.0 
12.79 
0.88 
6.9 
7.81 
0.59 
7.5 
6.62E-08 
2.43E-09 
3.7 
6.72E-08 
9.12E-10 
1.4 
6.63E-08 
2.51E-09 
3.8 
6.62E-08 
2.46E-09 
3.7 
3.56E-08 
2.04E-09 
5.7 
2.98E-08 
1.59E-09 
5.3 
2.99E-08 
2.16E-09 
7.2 
4.91E-08 
3.86E-09 
7.9 
-3.06E-08 
1.01E-09 
3.3 
-3.74E-08 
7.22E-10 
1.9 
-3.63E-08 
9.23E-10 
2.5 
-1.72E-08 
1.82E-09 
10 
       
 
The correlation coefficients (RSD) of intra- and inter-day analyses for the PF-
MEKC method were 9.7 % and 19 %, respectively. The calculations were done using 
the absolute migration times of progesterone (approx. 2 µg/mL) and EOF in 
randomly chosen electropherograms of various matrices. For intra-day analyses, 
60 values (30 progesterone and 30 EOF migration times) were used in the 
calculations. For inter-day analyses, 130 values (65 progesterone and 65 EOF 
migration times) were used, respectively. 
 
An evaluation was also done on the SPE treatments. The recovery for extraction 
can be calculated using (Eq. 12). 
 
𝐸% =
𝑆𝑡𝑟𝑎𝑡𝑎 − 𝑋
(𝑆𝑡𝑟𝑎𝑡𝑎 − 𝑋 +  𝑄𝑢𝑎𝑡𝑒𝑟𝑛𝑎𝑟𝑦 𝑎𝑚𝑖𝑛𝑒)
,                                                                              (12) 
 
where C18 (Strata-X) and Quaternary amine (N+) are the sums of concentrations 
achieved with methanol and ethyl acetate elutions. 
 
The recovery was calculated for testosterone glucuronide, androstenedione, and 
progesterone in influent and effluent samples of Helsinki WWTP. The mean of the 
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sum for influent and effluent was then calculated. The extraction recoveries are 65 
%, 55 %, and 99 % for testosterone glucuronide, androstenedione, and progesterone, 
respectively. The recoveries were better for effluent than for influent (due to matrix 
effect). For progesterone the recovery was excellent meaning that almost all of the 
progesterone refrains in C18 (Strata-X) sorbent material. The recoveries of 
testosterone glucuronide and androstenedione were lower. This means that they do 
not refrain that well into C18 (Strata-X) sorbent and an additional SPE step is 
essential for removing them from the sample. 
 
Finally, the concentration factor was calculated, using the scheme in Figure 44. 
Two separate factors (CF1 and CF2) were determined. CF1, is the concentration 
factor for samples of Espoo, Joensuu, Kajaani, Kouvola, Mikkeli, Pori, Porvoo, 
Turku, and Uusikaupunki. CF2 is for Helsinki samples, respectively. For both of 
the factors, the value is 20,000. 
 
 
Figure 44. Concentration factors for Espoo-Uusikaupunki (CF1) and Helsinki (CF2). The 
steps are from the sample pretreatment procedures of the respective samples. 
 
10.2. Quantitative results 
 
There are some differences in the profiles of water samples. The differences can be 
explained mainly with the dissimilarities in wastewater cleaning procedures and 
in the pre-purification materials. There might be some effect coming from the soil 
itself. For instance, the amount of swamps, sand/rock type are possible causes. In 
the analysis, the spiked compounds were testosterone glucuronide (represents 
glucosteroids), androstenedione, and progesterone. Examples of spiked influent 
and effluent samples are presented in Figure 45. In addition, since the analytes 
were eluted with methanol and ethyl acetate (Helsinki samples), there are some 
20,000 
20,000 CF1 
CF2 
5 L 1 L 
5 L 1 L 
6 mL 
2 mL 
2 mL 
250 µL 
250 µL x 8 
x 8 
x 3 
x 500 
x 
500
3
 
x 5 
x 5 
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differences in the profiles (Figure 46). Methanol is more effective eluent but it also 
elutes more matrix. 
 
 
Figure 45. The PF-MEKC electropherograms of Porvoo wastewater samples. Influent 
(upper) and effluent (lower) are spiked with steroid mixture (2 μg/mL). Compounds are 
testosterone glucuronide (1), androstenedione (2), and progesterone (3). Conditions as in 
Figure 36. 
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Figure 46. The electropherograms of spiked (2 μg/mL) Helsinki influent water samples. 
SPE with C18 (Strata-X) sorbent. Elution with 2 mL ethyl acetate (upper) and with 2 mL 
methanol (lower). The steroid hormones of interest were testosterone glucuronide (1), 
androstenedione (2), and progesterone (3). Helsinki water is pretreated according to 
sample pretreatment chart presented in Figure 42.  Conditions as in Figure 36. 
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The results of steroid concentrations in all cities (except in Helsinki) are presented 
in Table 19. The total concentrations are presented as a histogram (Figure 47). It 
can be seen that the concentrations of the steroids are much lower in effluent than 
in influent water samples. However, there are some differences between the 
treatments of the WWTPs. Androstenedione was not removed as effectively as the 
other steroids. This can be explicable partly because both 17α-hydroxyprogesterone 
[132] and testosterone [93] form androstenedione in biosynthesis reactions. In 
addition, there are multiple unknown reactions taking place in WWTPs due to the 
use of nitrification and bacteria in hydrolysis processes. For instance, the 
degradation of ethinyl estradiol is most likely caused by heterotrophic bacteria. 
[132] In addition, according to literature, biological filter purification has been 
noticed to increase the overall amount of steroids. [85] 
 
Table 19. Results of influent and effluent water treatment samples. The compounds are 4-
androsten-17β-ol-3-one glucoside (T-gluc), androstenedione (Andr), and progesterone 
(Prog). 
 Analysis results from pretreated influent, 
c [μg/mL] 
Initial WWTP influent, c [ng/L] 
Analysis results from pretreated effluent, 
c [μg/mL] 
Initial WWTP effluent, c [ng/L] 
 T-gluc Andr Prog T-gluc Andr Prog 
Espoo 
Analysis results 
x̅ ± SD 
RSD(%) 
WWTP water 
?̅? ± 𝑆𝐷 
 
 
**0.21±0.03 
16 
 
10.5±1.5 
 
 
***0.41±0.00 
0.99 
 
20.5±0.2 
 
 
***0.59±0.03 
5.1 
 
29.5±1.5 
 
 
**0.16±0.02 
12 
 
8.0±1.0 
 
 
**2.42±0.54 
22 
 
121.0±27.0 
 
 
*0.02 
 
 
1.0 
Joensuu 
Analysis results 
x̅ ± SD 
RSD(%) 
WWTP water 
?̅? ± SD 
 
 
**3.95±0.07 
1.7 
 
197.5±3.5 
 
 
***0.66±0.14 
21 
 
33.0±7.0 
 
 
***1.48±0.06 
4.1 
 
74.0±3.0 
 
 
***3.51±0.20 
5.7 
 
175.5±10.0 
 
 
**0.52±0.10 
20 
 
26.0±5.0 
 
 
***1.11±0.18 
16 
 
55.5±9.0 
Kajaani 
Analysis results 
x̅ ± SD 
RSD(%) 
WWTP water 
?̅? ± SD 
 
 
***1.87±0.09 
5.0 
 
93.5±4.5 
 
 
***4.51±0.13 
2.9 
 
225.5±6.5 
 
 
***2.33±0.17 
7.2 
 
116.5±8.5 
 
 
***1.43±0.12 
8.5 
 
71.5±6.0 
 
 
***4.20±0.49 
12 
 
210.0±24.5 
 
 
***0.90±0.07 
8.1 
 
45.0±3.5 
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Table 19. Continues. 
Kouvola 
Analysis results 
x̅ ± SD 
RSD(%) 
WWTP water 
?̅? ± SD 
 
 
**0.15±0.00 
2.0 
 
7.5±0.1 
 
 
***0.88±0.18 
20 
 
44.0±9.0 
 
 
*0.05 
 
 
2.5 
 
 
nd 
 
 
**0.35±0.01 
1.6 
 
17.5±0.5 
 
 
nd 
Mikkeli 
Analysis results 
x̅ ± SD 
RSD(%) 
WWTP water 
?̅? ± SD 
 
 
***0.65±0.05 
7.6 
 
32.5±2.5 
 
 
***1.01±0.05 
4.8 
 
50.5±2.5 
 
 
***1.26±0.08 
6.6 
 
63.0±4.0 
 
 
**0.54±0.09 
16 
 
27.0±4.5 
 
 
***1.39±0.13 
9.7 
 
69.5±6.5 
 
 
***0.56±0.00 
0.18 
 
28.0±0.1 
Uusikaupunki 
Analysis results 
x̅ ± SD 
RSD(%) 
WWTP water 
?̅? ± SD 
 
 
nd 
 
 
*0.02 
 
 
1.0 
 
 
nd 
 
 
*0.03 
 
 
1.5 
 
 
*0.14 
 
 
7.0 
 
 
nd 
Pori 
Analysis results 
x̅ ± SD 
RSD(%) 
WWTP water 
?̅? ± SD 
 
 
*0.04 
 
 
2.0 
 
 
nd 
 
 
**1.58±0.23 
14 
 
79.0±11.5 
 
 
nd 
 
 
nd 
 
 
nd 
Porvoo 
Analysis results 
x̅ ± SD 
RSD(%) 
WWTP water 
?̅? ± SD 
 
 
***1.83±0.31 
17 
 
91.5±15.5 
 
 
***2.74±0.22 
7.9 
 
137.0±11.0 
 
 
***0.79±0.14 
18 
 
39.5±7.0 
 
 
***1.46±0.33 
22 
 
73.0±16.3 
 
 
***2.36±0.08 
3.2 
 
118.0±4.0 
 
 
***0.38±0.05 
12 
 
19.0±2.5 
Turku 
Analysis results 
x̅ ± SD 
RSD(%) 
WWTP water 
?̅? ± SD 
 
 
***0.85±0.01 
1.0 
 
42.5±0.5 
 
 
***0.96±0.12 
13 
 
48.0±6.0 
 
 
***0.60±0.03 
5.0 
 
30.0±1.5 
 
 
*0.46 
 
 
23.0 
 
 
***0.70±0.05 
7.1 
 
35.0±2.5 
 
 
**0.26±0.02 
8 
 
13.0±1.0 
*) one repetition, **) two repetitions, ***) three repetitions 
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Figure 47. Influent and effluent water sample results from Espoo-Turku. The compounds 
are progesterone (Prog), androstenedione (Andr), and testosterone glucuronide (T-gluc). 
Samples were eluted from C18 (Strata-X) sorbents and no further treatment was performed. 
 
Respectively, the results from Helsinki water samples are presented in Table 20. A 
graphical approach is seen in Figure 48. As noticed in the case of communal 
wastewater pretreatment, the concentrations are significantly decreased in 
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effluent water when compared to the influent. In Figure 49, the total 
concentrations, reduction, and effluent/influent percentages are also calculated. 
 
Table 20. Results of influent and effluent water treatment samples of Helsinki. The 
samples were treated according to the sample pretreatment chart (see Figure 42), using 
C18 (Strata-X) and quaternary amine (N+) sorbents. The compounds are 4-androsten-17β-
ol-3-one glucoside (T-gluc), androstenedione (Andr), and progesterone (Prog). 
 Analysis results from pretreated influent, 
c [μg/mL] 
Initial WWTP influent, c [ng/L] 
Analysis results from pretreated effluent, 
c [μg/mL] 
Initial WWTP effluent, c [ng/L] 
 T-gluc Andr Prog T-gluc Andr Prog 
SPE: Strata-X 
eluted with  
ethyl acetate 
x̅ ± sd 
RSD(%) 
WWTP water 
?̅? ± 𝑠𝑑 
 
 
 
**0.79±0.06 
7.4 
 
39.6±2.9 
 
 
 
**1.80±0.33 
18 
 
90.0±16.4 
 
 
nd 
 
 
 
 
 
*0.17 
 
 
8.3 
 
 
 
**0.72±0.12 
16 
 
35.9±5.8 
 
 
 
**0.10±0.03 
34 
 
4.8±1.7 
SPE: Strata-X 
eluted with 
methanol 
x̅ ± sd 
RSD(%) 
WWTP water 
?̅? ± 𝑠𝑑 
 
 
 
***1.20±0.09 
7.7 
 
60.1±4.6 
 
 
 
***3.61±0.22 
6.2 
 
180.7±11.2 
 
 
 
***2.53±0.23 
9.1 
 
126.3±11.6 
 
 
 
**0.67±0.17 
25 
 
33.4±8.6 
 
 
 
***1.95±0.01 
0.28 
 
97.7±0.3 
 
nd 
 
SPE: Amine 
eluted with 
ethyl acetate 
x̅ ± sd 
RSD(%) 
WWTP water 
?̅? ± 𝑠𝑑 
 
 
 
***1.61±0.13 
8.0 
 
80.6±6.4 
 
 
 
**3.15±0.04 
1.3 
 
157.7±2.1 
 
 
 
nd 
 
 
 
 
 
 
*0.02 
 
 
1.0 
 
 
 
**0.35±0.03 
8.3 
 
17.6±1.5 
 
 
nd 
 
 
 
SPE: Amine 
eluted with 
methanol 
x̅ ± sd 
RSD(%) 
WWTP water 
?̅? ± 𝑠𝑑 
 
 
 
**0.35±0.10 
28 
 
17.4±4.8 
 
 
 
**2.08±0.01 
0.32 
 
104.0±0.3 
 
 
 
*0.04 
 
 
2.0 
 
 
 
**0.20±0.04 
18 
 
10.1±1.8 
 
 
 
***1.47±0.07 
4.6 
 
73.3±3.4 
nd 
 
*) one repetition, **) two repetitions, ***) three repetitions 
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Figure 48. Influent and effluent water sample results from Helsinki. Both quaternary 
amine (N+) and C18 (Strata-X) sorbents were used. Elution was done with ethyl acetate 
(EA) and methanol (ME). Samples were further treated according to sample pretreatment 
chart (see Figure 42). The compounds are progesterone (Prog), androstenedione (Andr), 
and testosterone glucuronide (T-gluc). 
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Figure 49. Total concentrations (sum of C18 (Strata-X) and quaternary amine (N+) yields) 
of influent and effluent water samples of Helsinki (ng/L). Reduction is calculated by 
reducing the concentration of effluent sample from the concentration of influent sample. 
 
11. Conclusions 
 
In this study the PF-MEKC method was used in the quantification of human 
produced steroids and their metabolites in influent and effluent waters of WWTPs. 
The method was used for endogenous steroid hormones. Testosterone glucuronide, 
androstenedione, and progesterone were determined from the samples of WWTPs. 
Thus, this method can be used for simultaneous determination of androgens, 
estrogens, and progesterone. [72] Both qualitative (profiling) and quantitative 
analyses were performed with excellent repeatability. The study is pioneering, 
since there are no standardized capillary electrophoretic methods for steroid 
determination in water samples.  
 
The results are in correlation with the results published in literature. As to the 
experimental details, the capillary had a long lifetime (lasted at least four months). 
The constancy of the method was monitored with random testing, using steroid 
solutions and determining the migration times of EOF and the analytes. There was 
not any need for reoptimization of the method. This method could well be an option 
for the conventional chromatographic methods. A new concept to treat the water 
samples was developed with SPE. It was used as the cleaning and concentrating 
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method for the influent and effluent water samples prior to PF-MEKC analysis. 
Enrichment was needed to achieve the method concentration range with UV 
detector. Concentration factor of 20,000 was successfully obtained. 
 
It can be seen from the results that biological treatment seems to increase 
androstenedione concentration, whereas enzymatic processes were extremely 
effective on removing progesterone. [72] For instance, Uusikaupunki utilizes two-
step procedure before nitrification. In addition, the constant methanol addition 
helps to stabilize denitrification bacteria and to maintain the source of carbon. [44] 
Thus, Uusikaupunki was one of the cities with lowest steroid concentrations others 
being Pori and Espoo. On the contrary, the highest concentrations were found in 
Kajaani, Mikkeli, and Porvoo. 
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Supplementary data 
 
Appendix I - Steroids 
 
Table 21. The names, molar masses, and structures of steroids presented in the thesis. 
[133] 
11-dehydrocorticosterone 
M = 344.451 g/mol 
 
11-deoxycortisol 
M = 346.467 g/mol 
 
11β-hydroxyandrosterone 
M = 306.446 g/mol 
 
17α-hydroxyprogesterone 
M = 330.468 g/mol 
 
19-hydroxyandrostenedione 
M = 302.414 g/mol 
 
20α-hydroxyprogesterone 
M = 316.485 g/mol 
 
20β-hydroxyprogesterone 
M = 316.485 g/mol 
 
5α-androstan-17-one 
M = 274.448 g/mol 
 
adrenosterone 
M = 300.398 g/mol 
 
aldosterone 
M = 360.450 g/mol 
 
androstenediol 
M = 290.447 g/mol 
 
androstenedione 
M = 286.415 g/mol 
 
androsterone 
M = 290.447 g/mol 
 
boldenone 
M = 286.415 g/mol 
 
boldenone undecylenate 
M = 452.679 g/mol 
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Table 21. Continues 
clostebol 
M = 322.873 g/mol 
 
cortexolone 
M = 346.467 g/mol 
 
corticosterone 
M = 346.467 g/mol 
 
cortisone 
M = 360.450 g/mol 
 
cortisone acetate 
M = 402.487 g/mol 
 
dehydroepiandrosterone 
M = 288.431 g/mol 
 
dehydroepiandrosterone 
sulfate 
M = 368.488 g/mol 
 
dehydroisoandrosterone 
M = 288.431 g/mol 
 
deoxycorticosterone 
M = 330.468 g/mol 
 
dexamethasone 
M = 392.467 g/mol 
 
dihydrogestrinone 
M = 310.437 g/mol 
 
epiandrosterone 
M = 290.447 g/mol 
 
epitestosterone 
M = 288.431 g/mol 
 
equiline 
M = 268.356 g/mol 
 
estradiol 
M = 272.388 g/mol 
 
estradiol glucuronide 
M = 448.512 g/mol 
 
estriol 
M = 288.387 g/mol 
 
estriol glucuronide 
M = 464.511 g/mol 
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Table 21. Continues. 
estrone 
M = 270.372 g/mol 
 
estrone glucuronide 
M = 446.496 g/mol 
 
 
 
 
 
 
 
ethinyl estradiol 
M = 296.410 g/mol 
 
fludrocortisone 
M = 422.493 g/mol 
 
fluocortolone 
M = 376.468 g/mol 
 
fluoxymesterone 
M = 336.447 g/mol 
 
gestrinone 
M = 308.421 g/mol 
 
hydrocortisone 
M = 362.466 g/mol 
 
hydrocortisone acetate 
M = 404.503 g/mol 
 
methenolone acetate 
M = 344.495 g/mol 
 
methyltestosterone 
M = 302.458 g/mol 
 
nandrolone 
M = 274.404 g/mol 
 
nandrolone decanoate 
M = 428.657 g/mol 
 
nandrolone phenpropionate 
M = 406.566 g/mol 
 
 
 
 
 
  
norethindrone 
M = 298.426 g/mol 
 
prednisolone 
M = 360.450 g/mol 
 
prednisolone acetate 
M = 402.487 g/mol 
 
prednisone 
M = 358.434 g/mol 
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Table 21. Continues. 
progesterone 
M = 314.469 g/mol 
 
stanozolol 
M = 328.500 g/mol 
 
testosterone 
M = 288.431 g/mol 
 
testosterone acetate 
M = 330.468 g/mol 
 
testosterone cypionate 
M = 412.614 g/mol 
 
testosterone decanoate 
M = 442.684 g/mol 
 
 
 
 
 
 
 
testosterone glucuronide 
M = 464.555 g/mol 
 
testosterone propionate 
M = 344.495 g/mol 
 
tetrahydrogestrinone 
M = 312.453 g/mol 
 
triamcinolone 
M = 394.439 g/mol 
 
triamcinolone acetonide 
M = 434.504 g/mol 
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Appendix II - Sterols 
 
Table 22. The names, molar masses, and structures of sterols presented in the thesis. 
[133] 
∆5-avenasterol 
M = 412.702 g/mol 
 
∆7-avenasterol 
M = 412.702 g/mol 
 
∆7-campesterol 
M = 400.681 g/mol 
 
∆7-stigmasterol 
M = 410.686 g/mol 
 
18:2 sitosteryl ester 
M = 677.155 g/mol 
 
avenasterol 
M = 412.702 g/mol 
 
brassicasterol 
M = 398.675 g/mol 
 
campesterin 
M = 400.691 g/mol 
 
campesterol 
M = 400.691 g/mol 
 
cholesterol 
M = 386.664 g/mol 
 
cholesteryl acetate 
M = 428.701 g/mol 
 
cholesteryl butyrate 
M = 456.755 g/mol 
 
cholesteryl decylate 
M = 540.917 g/mol 
 
cholesteryl dodecanoate 
M = 568.971 g/mol 
 
cholesteryl heptanoate 
M = 498.836 g/mol 
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Table 22. Continues. 
cholesteryl hexanoate 
M = 484.809 g/mol 
 
cholesteryl linoleate 
M = 649.101 g/mol 
 
 
 
 
 
cholesteryl nonanoate 
M = 526.890 g/mol 
 
cholesteryl octanoate 
M = 512.863 g/mol 
 
cholesteryl oleate 
M = 651.117 g/mol 
 
cholesteryl palmitate 
M = 625.079 g/mol 
 
cholesteryl pentanoate 
M = 470.782 g/mol 
 
citrostadienol 
M = 426.729 g/mol 
 
cycloartenol 
M = 426.729 g/mol 
 
desmosterol 
M = 284.648 g/mol 
 
ergosterol 
M = 396.659 g/mol 
 
dihydrobrassicasterol 
M = 400.691 g/mol 
 
fucosterol 
M = 412.702 g/mol 
 
gramisterol 
M = 412.702 g/mol 
 
lanosterol 
M = 426.729 g/mol 
 
sitostanol 
M = 416.734 g/mol 
 
sitosterol 
M = 414.718 g/mol 
 
stigmasterol 
M = 412.702 g/mol 
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Table 22. Continues. 
trans-sitostanyl ferulate 
M = 592.905 g/mol 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 135 
 
Appendix III - Calibration curves from individual steroid solutions 
 
  
Figure 50. Calibration curve of testosterone glucuronide. 
 
 
Figure 51. Calibration curve of fluoxymesterone. 
 
  
Figure 52. Calibration curve of androstenedione. 
 
 
Figure 53. Calibration curve of testosterone. 
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Figure 54. Calibration curve of 17α-hydroxyprogesterone. 
 
  
Figure 55. Calibration curve of methyltestosterone. 
 
  
Figure 56. Calibration curve of progesterone. 
 
  
Figure 57. Calibration curve of androsterone. 
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Appendix IV - Calibration curves from steroid mixture solutions 
 
 
Figure 58. Calibration curve of testosterone glucuronide in steroid mixture. 
 
  
Figure 59. Calibration curve of fluoxymesterone in steroid mixture. 
 
 
Figure 60. Calibration curve of androstenedione in steroid mixture. 
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Figure 61. Calibration curve of testosterone in steroid mixture. 
 
 
Figure 62. Calibration curve of 17α-hydroxyprogesterone in steroid mixture. 
 
 
Figure 63. Calibration curve of methyltestosterone in steroid mixture. 
 
 
Figure 64. Calibration curve of progesterone in steroid mixture. 
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